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ABSTRACT

Lake trout (Salvelinus namaycush) restoration in the lower four Great Lakes has apparently been
hampered by excessive mortality occurring between spawning and the first year of life. Review
of the factors that affect lake trout egg and fry mortality suggests that predation on early life
stages may be an important factor in lack of recruitment. We collected data on egg deposition
densities, predator densities, and overwinter survival of eggs to hatching in Parry Sound, Lake
Huron, where there is a self-sustaining population of lake trout, and Lake Champlain, where the
status of restoration is unknown.. These data were compared with similar information from a
parallel study in northern Lake Michigan. Egg deposition was lowest in Lake Michigan (0.4 —
154.5 eggs/m?), intermediate in Parry Sound (39 — 1,027 eggs/m?), and highest overall in Lake
Champlain but with higher variation among sites (0.001 — 9,623 eggs/m®). Fry collections in fry
traps followed the same trend: no fry in Lake Michigan, 0.005 — 0.06 fry per trap day in Parry
Sound, and 0.08 — 3.6 in Lake Champlain. Egg survival to hatch in overwinter egg bags was
similar in Lake Michigan (7.6%) and Parry Sound (2.3 — 8.9%) in 2001-02, and varied in Lake
Champlain (0.4-1.1% in 2001-02, and 1.8 — 18.2 in 2002-03). Predator densities were lowest at
most sites in Lake Champlain, intermediate in Parry Sound, and highest in Lake Michigan. Egg
seeding experiments showed that egg losses from the substrate were high, but were likely due to
density-independent factors such as water movement. Laboratory experiments were conducted
to compare egg consumption of native deep-and shallow-water predators (slimy and mottled
sculpin, Cottus cognatus and C. bairdi) and a native vs. exotic crayfish (Orconectes propinquus
and O. rusticus), using predator density, temperature, and predator species as co-factors.

Temperature, intraspecific density, and interspecific effects did not significantly alter crayfish
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feeding rates. Comparison of data among the lakes indicates that lake trout restoration should be
possible at current spawning levels in Lake Champlain, but is unlikely to occur at current adult

stock sizes in northern Lake Michigan.

INTRODUCTION

Historically Lake Michigan had the highest production of lake trout of all of the Great Lakes.
Yields were relatively constant from 1910 to 1945, but from 1946 to 1950, annual yield declined
precipitously from approximately 3 million kilograms to 25 thousand kilograms. The presumed
causes for this decline were lamprey predation, exploitation and habitat degradation (Eschmeyer
1957). Based on commercial catch reports, in the period leading up to the decline, nearly half of
the entire catch came from the northeast section of Lake Michigan, suggesting that a high
proportion of spawning reefs were also located there. Consequently, conditions at these
spawning reefs must figure prominently in evaluations of the current lack of significant natural
reproduction in Lake Michigan, a situation that exists despite the stocking of over 83 million lake

trout in the last 35 years.

Nearly two thirds of the historic lake trout production in northern Lake Michigan came from

offshore reefs, but the reasons why offshore reefs were more productive have not been identified
(Dawson et al. 1997). In northern Lake Michigan, a large refuge area has been established that is
now an important area protecting all age groups of lake trout. The U.S. Fish and Wildlife Service

created a lake trout stocking plan in 1985 that incorporated a greater emphasis on stocking lake
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trout into refuge and primary rehabilitation zones in Lake Michigan. Revised stocking strategies
and the existence of the refuge have not produced the anticipated increase in natural reproduction
(Madenjian and DeSorcie 1999). Increasing adult lake trout populations in Lake Superior were
associated with natural reproduction; in Lake Michigan, despite increasing adult lake trout
populations, lake trout have yet to produce significant natural reproduction, suggesting that a

bottleneck or bottlenecks exist elsewhere.

Current research suggests that the reason for the lack of lake trout recruitment is excessive
mortality occurring between the time of spawning in the fall and the first year of life. Ata GLFC
sponsored conference in 1995, fisheries professionals reviewed several factors to determine their
potential to affect lake trout reproduction (RESTORE; Krueger et al 1995). All of the factors
discussed were relevant to Lake Michigan, including the level of stocking, size of the resulting
population, egg deposition rates, contaminants in the eggs, thiamine deficiency, and egg and fry

predators.

For significant natural reproduction to occur at a spawning reef and be measurable, sufficient
numbers of males and females must congregate in the fall and deposit a sufficient number of
fertilized eggs. Hatched fish must then develop over winter into successfully emergent fry. A
range of adult abundance was measured at historic sites in northeastern Lake Michigan in the
early 1990s (Dawson et al. 1997). Some sites were considered to have adequate numbers of adult
spawners, based on a comparison with self-sustaining stocks in Lake Superior (Selgeby et al.

1995). However, it has not been determined whether significant spawning is occurring at these
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same sites. Sites located in northern Lake Michigan can provide an opportunity to identify

potential bottlenecks and establish their relative importance.

Contaminant levels in Lake Michigan lake trout have been in decline for a number of years and
Fitzsimons (1995) concluded that contaminant levels in eggs of lake trout had declined to the
extent that acute toxicity would no longer be expected. The potential still exists, however, for
sublethal effects. Similarly, a thiamine deficiency has been associated with early mortality
syndrome (EMS; Fitzsimons et al. 1998, 1999, Brown et al. 1998), that averages 30% in southern
Lake Michigan lake trout and close to 100% in northern Lake Michigan so is not sufficient to

completely block reproduction.

Egg and fry predation has been a persistent but relatively unstudied concern that may be related
to the lack of natural reproduction by lake trout in the Great Lakes including Lake Michigan. At
the RESTORE conference it was concluded that biotic effects, like predation, should be
considered a potential constraint to lake trout rehabilitation (Jones et al. 1995). The problem
may be of increasing importance due to the recent addition of gobies and rusty crayfish to
spawning reef fauna that already included native egg predators such as sculpins and crayfish.
Recent modeling work suggests that there are three potential groups of egg and fry predators
(Savino et al. 1999); epibenthic egg predators that consume eggs on the substrate surface during
spawning, interstitial egg predators that can move in rock substrate and consume incubating
eggs, and fry predators that consume pre-emergent and emergent fry in the spring. While
modeling efforts have predicted that interstitial predators are most important, model predictions

have never been verified in the wild. Moreover, the effect of interstitial predators is strongly
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dependent on the species of predator, predator numbers, the density of eggs, and the duration of
predation, all of which are currently unknown for most lake trout spawning reefs in Lake
Michigan. The model produced by Savino et al. (1999) concluded that there was a relatively
small effect from fry predation on lake trout recruitment, although these authors were limited by
a paucity of information available on lake trout fry predation. The importance of fry predation
depends very much on the spatial-temporal overlap of lake trout fry and their predators, most
notably alewives (Krueger et al. 1995). If alewives move onshore during lake trout emergence,
losses to predation could be very high, but if alewives move onshore after emergence has
occurred, losses may be quite low. The extent to which alewife feed on post-emergent fry is
unknown. Additional challenges to the assessment of the relative importance of alewives as lake
trout fry predators include knowledge of individual alewife consumption rates and alewife
abundance levels. The product of consumption and abundance will equal the net consumption of
fry in an area. The potential of alewives to consume lake trout fry is high. As many as 18
individual fry were found in the stomach of an alewife captured at a spawning reef in Lake
Ontario during emergence, although most alewives appeared not to have eaten fry (J. Fitzsimons,

unpublished data).

To address the impacts of egg and fry predators on lake trout recruitment, we compared egg, fry,
and predator abundance among Lake Champlain, where most Great Lakes exotic predators
(alewife, rusty crayfish, round goby) are absent, Lake Huron (Parry Sound), where lake trout are
self-sustaining, and Lake Michigan. We used standard methods including gill-netting surveys,
SCUBA surveys, egg collectors, and fry traps. Additional experimentation was conducted with

seeded egg bags, exclosures, and laboratory tank studies. We assessed the adequacy of egg
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deposition and fry emergence at selected sites, relative to spawner abundance and relative to
existing predator abundance and levels of physical disturbance. We also assessed the effect of
temperature, predator abundance, and predator species composition on egg and fry consumption
rates in the laboratory. We are currently synthesizing and integrating our findings into a
predictive model that can be used to assess the importance of predators under various scenarios.

This model will be supported by several summary reports from different aspects of the project.

OBJECTIVES

This work is linked with a project funded by the Great Lakes Fishery Trust that focuses on Lake
Michigan. This project, funded by the Great Lakes Fishery Commission, was focused on
collecting data on egg deposition densities, predator densities, and overwinter survival of eggs
from two ‘control’ sites, Lake Champlain and Parry Sound, Lake Huron; these data will be
compared with similar information from Lake Michigan. Specifically, the objectives of this

proposal were:

1. Survey Lake Champlain for lake trout spawning sites.

2. Assess egg deposition and interstitial predator abundance at two sites in Lake Champlain and
three in Parry Sound.

3. Conduct field sampling and field egg seeding experiments to measure egg losses in Lake
Champlain and Parry Sound for comparison with Lake Michigan.

4. Measure fry emergence and relate to levels of egg deposition and survival.
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5. Conduct laboratory experiments to compare egg consumption of native deep-and shallow-
water predators (slimy and mottled sculpin, Cottus cognatus and C. bairdi) and a native vs.
exotic crayfish (Orconectes propinquus and O. rusticus), using predator density, temperature,

and predator species as co-factors.

RESULTS

1. Reconnaissance surveys of spawning reefs

Fifteen reefs in Lake Champlain, five in Parry Sound, and ten in Lake Michigan were surveyed
by scuba divers. At each reefs we measured or recorded depth at top and base of the reef, reef
area (defined by the area encompassed by cobbles), slope angle of the reef contour, substrate
type, particulate substrate size, interstitial depth, presence of silt or organic debris, and presence
of zebra mussels. Substrate at the majority of sites in all three lakes was adequate for attracting
spawners and supporting egg incubation, based on comparison with previous studies. Data from

these surveys are given in Appendices 1 and 2.

2. Assess egg deposition and interstitial predator abundance at two sites in Lake Champlain and
three in Parry Sound.

We used egg bags buried into the substrate to acquire quantitative data on egg deposition and
predator abundance in Lake Champlain and Parry Sound, and compared these samples with
collections made in Lake Michigan. Overall we found the highest egg densities and lowest

predator densities in Lake Champlain; densities of eggs and predators were intermediate in Parry
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Sound, and in Lake Michigan egg densities were very low and predator densities were high
(Appendices 2 and 3). Sculpins were more abundant in Lake Champlain than Parry Sound,
whereas crayfish were less abundant in Lake Champlain than Parry Sound (Table 1). Lake
Michigan had more predator species that the other lakes, and a higher proportion of exotic

predators.

3. Conduct field sampling and field egg seeding experiments to measure egg losses in Lake
Champlain and Parry Sound for comparison with Lake Michigan.
Egg seeding experiments were conducted in 2002 to estimate the depletion rates of trout eggs of
varying densities when exposed to natural predator abundance, temperature and current regimes.
To determine the level at which predators become satiated we planted eggs into 30 individually
numbered egg bags at two sites in Lake Champlain, four sites in Parry Sound, and six sites in
Lake Michigan. Bags at each site were randomly seeded with one of five densities (100, 250,
500, 1000, and 10,000 eggs/m?) of trout eggs during the peak spawning period; five bags
received each seeding density. The bags were retrieved approximately three weeks after seeding
and processed within 24 hours. The proportion of eggs remaining to eggs seeded was
determined. To distinguish a seeded egg from a naturally deposited lake trout egg, we seeded the
bags with artificially pigmented lake trout eggs; lake trout broodstock was fed a high carotenoid
diet, which produced an orange/red coloration in the eggs that was highly distinct from the

yellow coloration in natural eggs.

Despite higher predator abundance at the Lake Michigan reefs, a greater predation effect was

evident for the Parry Sound reefs with intermediate effects on the Lake Champlain reefs
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(Appendix 4). We attribute this deviation from the expected direct relationship between predator
density and predator effect to the generally lower levels of physical disturbance at the Parry
Sound reefs that we suspect allowed more efficient egg foraging by predators. In contrast, egg
recovery at the highest seeding density (5000 eggs'm™), where egg recovery was relatively
predator independent because of satiation, was directly related to wind fetch for Lake Michigan.
We conclude that the high levels of physical disturbance in Lake Michigan cause high levels of

egg loss, and potentially ameliorate overall losses by affecting egg predator foraging efficiency.

4. Measure fry emergence and relate to levels of egg deposition and survival.

Emergent fry traps were deployed at six sites in Lake Champlain, four sites in Parry Sound, and
three sites in Lake Michigan over the three years of the project. We used two designs of surface-
deployed traps, a traditional rigid fry traps and a modified design constructed of nylon fabric
(Chotkowski et al. 2003). We also used a steel fry trap similar in design to the surface-deployed
rigid trap, but deployed and checked by divers. Traps were checked approximately every 1-2

weeks throughout the fry emergence period.

Fry were collected at all sites in Parry Sound, five of six sites in Lake Champlain, and at none of
the sites sampled in Lake Michigan. Catches per unit effort ranged from 0.08 to 3.6 fry/trap/day
in Lake Champlain, and 0.005 to 0.06 fry/trap/day in Parry Sound (Appendix 2). The number of
fry produced per 100 eggs was calculated using the quantitative estimates of egg deposition from
egg bags, and ranged from 11.7-14.5% in Lake Champlain and 0.12 — 6.8 in Parry Sound
(Appendix 2). These estimates presume that the collections of fry in fry traps represent a

production of fry per unit area of the reef; since only the diver-checked fry traps remained in one
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place throughout the emergence period, we only used data from these traps to calculate fry-per-

egg estimates.

Fry were also collected in egg bags left in the substrate over the winter in Lake Champlain.
These bags were covered with fine-mesh lids in late fall, after the majority of spawning had been
completed. Use of the bags allowed us to make a second estimate of percentage egg hatch, by
comparing the mean number of fry in bags retrieved in spring to the mean number of eggs
collected in bags in fall. Hatch estimates per 100 eggs were similar in Lake Michigan (7.6%)
and Parry Sound (2.3 — 8.9%) in 2001-02, and lowest in Lake Champlain (0.4 — 1.1%; Appendix
2). Hatching was likely severely underestimated in Grand Isle, Lake Champlain, in 2001-02 due
to the large number of eggs deposited in the bags; several bags were retrieved with masses of
fungus resulting from infection of the closely-packed eggs. In a second year of sampling in Lake
Champlain (2002-03), egg deposition was lower on Grand Isle, and an estimated 18.2% of the

eggs hatched

5. Conduct laboratory experiments to compare egg consumption of native deep-and shallow-
water predators (slimy and mottled sculpin) and a native vs. exotic crayfish (Orconectes
propinquus), using predator density, temperature, and predator species as co-factors.

Laboratory experiments were used to test the effect of several variables on egg predation. We

tested native predators (slimy sculpin Cottus cognatus, mottled sculpin Cottus bairdi), and a

native crayfish (Orconectes propinquus) and two exotic species counterparts, round gobies

(Neogobius melanostomus) and rusty crayfish (O. rusticus). Consumption by individual

predators was tested at three temperature levels (4-5, 7-8, and 10-12°C) for each of these species.
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Predation by slimy sculpin, mottled sculpin, and round gobies was also tested at 1-2°C. Three
levels of predator density were tested in single-species tanks to establish the relationship
between density and egg consumption. The levels of crayfish density were 3, 15, and 29/m?,
while the fish species were tested at 0.8, 4, and 8/m”. Experiments were conducted at the Canada
Centre for Inland Waters (CCIW) and the University of Vermont Rubenstein Ecosystem Science
Laboratory.

Lake trout eggs and rainbow trout eggs (used as a surrogate when lake trout eggs were
not available) were obtained from local state or federal fish hatcheries, and held in incubators
until needed. Sculpins, gobies, and crayfish were obtained from the wild. All predators were
held in tanks with shelters in the laboratory for 3-5 days prior to experimentation, to acclimatize
them to captive conditions. Each predator was used only once. Prior to each experiment,
predators were deprived of food for 24 hrs. Eggs were introduced to an aquarium at the start of
an experiment at a density of 500 eggs/m”, providing unlimited opportunities for predator
consumption. The predators and substrate (if present) were removed after 7 days, and the
remaining eggs were counted. Experiments were replicated six times.

Egg consumption by fishes was unaffected by temperature except for slimy sculpins,
which ate more eggs at 10-11°C than at 1-2°C or 4-5°C (Appendix 5). Both round gobies and
slimy sculpins ate fewer eggs per individual at a density of 5 or 10 per tank than 1 individual per
tank that was not compensated for by the higher predator density. There was no evidence of
intraspecific competition between slimy sculpins and round gobies at various species
combinations (10:0, 9:1, 5:5, 1:9, 0:10) at a density of 10 individuals per tank. Satiation appeared
to regulate egg consumption under conditions of increasing egg density with little evidence of

increased consumption at higher egg density.
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Temperature had a significant effect only on the feeding rate of O. rusticus on rainbow
trout eggs (Appendix 6). Egg consumption rate was significantly higher at low crayfish
abundance (1 crayfish/tank) than at medium (5 crayfish/tank) or high (10 crayfish/tank) crayfish
abundance for O. rusticus. Intraspecific predator density had no effect on the feeding rate of O.
propinquus. The effect of interspecific predator density on rainbow trout egg consumption was
explored by comparing feeding rates at high levels of crayfish abundance in single and mixed

species treatments. Interspecific effects did not significantly alter crayfish feeding rates.

DISCUSSION

Previous work on lake trout restoration has focused on bottlenecks to survival during the stages
between egg deposition and emergence. Our results provide comparative estimates of egg
abundance, egg hatching success, fry abundance, and in situ egg mortality two Great Lakes and
Lake Champlain, and represent a considerable improvement in our ability to assess the
importance of egg predators. Our results suggest that, if we use Parry Sound as a benchmark for
successful restoration of trout, then there is insufficient use of spawning reefs, insufficient
spawner density, and egg densities are too low to support recruitment of lake trout in northern
Lake Michigan. Lake trout assessment data indicate that adult stocks are too low in northern
Lake Michigan for restoration to occur. Stocking rates may be too low in the northern lake to
build sufficiently large adult populations, or mortality may be too high. In contrast to Lake
Michigan, in Lake Champlain the spawning reef use, adult densities, egg densities, and fry hatch

are high enough, or considerably higher, than is needed to support recruitment. The absence of
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large numbers of unclipped fish in the adult population suggests that there are sources of high
mortality beyond fry emergence; these sources of mortality may also be present in other lakes.
Predator densities were highest in Lake Michigan, and predator communities in this lake were
dominated by recently introduced exotic species, the rusty crayfish and the round goby. Exotic
species provide a unique challenge to rehabilitation efforts, as their interactions within the
community are poorly understood. Our laboratory egg consumption data, combined with field
data on egg density and predator abundance, provide important inputs to modeling efforts that
may ultimately enable managers to predict whether spawning activity is sufficient in a given

system to support natural recruitment of lake trout.



LITERATURE CITED

Brown, S.B., Fitzsimons, J.D., Palace, V.P., Vandenbyllaardt, L., and Klaverkamp, J.F. 1998.
Thiamine and early mortality syndrome in lake trout (Salvelinus namaycush). In:
McDonald, G., Fitzsimons, J.D., Honeyfield, D.C. (Eds.). Early life stage mortality
syndromes in fishes of the Great Lakes and Baltic Sea. Trans. American Fisheries
Society, Bethesda, MD 20814, pp. 18-25.

Chotkowski, M. A., J. E. Marsden, and B. J. Ellrott. 2003. An inexpensive modified emergent
fry trap. N. Am. J. Fish. Manage. 22:261-164.

Dawson, K. A., R. L. Eshenroder, M. E. Holey and C. Ward. 1997. Quantification of historic
lake trout (Salvelinus namaycush) spawning aggregations in Lake Michigan. Can. J.
Fish. Aquat. Sci. 54: 2290-2302.

Eschmeyer, P. H. 1957. The near extinction of lake trout in Lake Michigan. Trans. Am. Fish.
Soc. 85:102-119.

Fitzsimons, J. D. 1995. A critical review of the effects of contaminants on early life stage (ELS)
mortality of lake trout in the Great Lakes . J. Great Lakes Res. 21 Suppl. 1:267-276.

Fitzsimons, J.D., and Brown, S. B. 1998. Reduced egg thiamine levels in inland and Great Lakes
lake trout and their relationship with diet. In: McDonald, G., Fitzsimons, J.D., D.C.
Honeyfield, D.C. (Eds.). Early life stage mortality syndrome in fishes of the Great Lakes
and Baltic Sea. American Fisheries Society Symposium 21, Bethesda, MD, pp. 160-171.

Fitzsimons, J.D., Brown, S.B, Honeyfield, D.C., and Hnath, J.G. 1999. A review of early
mortality syndrome (EMS) in Great Lakes salmonids: Relationship with thiamine

deficiency. Ambio 28, 9-15.



p. 16

Jones, M. L., Eck, G.W., Evans, D.O., Fabrizio, M.C., Hoff, M.H., Hudson, P.L., Janssen, J.,
Jude, D., O’Gorman, R., and J. F.Savino.1995. Limitations to lake trout (Salvelinus
namaycush) rehabilitation in the Great Lakes imposed by biotic interactions occurring at
early life stages J. Great Lakes Res. 21 Suppl. 1:505-517.

Krueger, C.C., Jones, M.L., and W. W. Taylor. 1995. Restoration of lake trout in the Great
Lakes: Challenges and strategies for future management . J. Great Lakes Res. 21 Suppl.
1:547-558.

Madenjian, C. P., DeSorcie, T. J. 1999. Status of lake trout rehabilitation in the northern refuge
of Lake Michigan. N. Am. J. Fish. Manage. 19:658-669.

Savino, J. F., P. L. Hudson, M. C. Fabrizio and C. A. Bowen. 1999. Predation on lake trout eggs
and fry: a modeling approach. Great Lakes Res. 25: 36-44.

Selgeby, J.H., Bronte, C.R., Brown, E.H., Hansen, M.J., Holey, M.E., Vanamberg, J.P., Muth,
K.M., Makauskas, D.B., Mckee, P., Anderson, D.M., Ferreri, C.P., and S.T. Schram.
1995. Lake trout restoration in the Great Lakes: Stock-size criteria for natural

reproduction . J. Great Lakes Res. 21 Suppl. 1:498-504.



List of Appendices

Appendix 1. Ellrott, B. J. and J. E. Marsden. Lake trout reproduction in Lake Champlain.
(manuscript in press., Trans. Am. Fish. Soc.)

Appendix 2. Marsden, J. E., B. J. Ellrott, J. Jonas, R. Claramunt, and J. Fitzsimons. A
comparison of lake trout spawning, emergence, and habitat use in lakes Michigan, Huron,
and Champlain.

Appendix 3. Jonas, J. L., R. M. Claramunt, J. F. Fitzsimons, J. E. Marsden and B. J. Ellrott
Estimates of abundance and the effect of lake trout egg predators on egg survival for
Lakes Michigan, Huron (Parry Sound), and Champlain.

Appendix 4. Fitzsimons, J., B. Williston, G. Fodor, J. L. Jonas, R. M. Claramunt, J. E. Marsden,
B. J. Ellrott, and D. C Honeyfield. Assessing the effects of physical disturbance and egg
predation on lake trout egg mortality and its application to Lake Michigan.

Appendix 5. Fitzsimons, J., B. Williston, G. Fodor, G. Bravener, J. L. Jonas, R. M. Claramunt, J.
E. Marsden, and B. J. Ellrott. Salmonine egg predation by round gobies, mottled and
slimy sculpins, and crayfish (Orconectes propinquus): factors affecting laboratory
derived predation rates.

Appendix 6. Ellrott, B. J., J. Fitzsimons, and J. E. Marsden. Effects of temperature and density

on consumption of trout eggs by Orconectes propinquus and O. rusticus.






Lake trout reproduction in Lake Champlain

Brian J. Ellrott and J. Ellen Marsden
School of Natural Resources
University of Vermont

Burlington, VT 05405

Running title: Lake trout reproduction in Lake Champlain

Keywords: Lake Champlain, lake trout, reproduction, restoration, fish populations



Abstract

Native lake trout (Salvelinus namaycush) were driven to extirpation in Lake Champlain
in the early 1900s. Possible causes of extirpation include overharvest, predation on adults by sea
lamprey (Petromyzon marinus) , and predation on fry by rainbow smelt (Osmerus mordax).
Efforts to restore a lake trout fishery began in 1972 when a coordinated lake trout stocking
program was initiated. Attempts to control sea lamprey populations began in 1990. Despite
these management actions, reproduction by stocked fish has not produced large naturally-
produced year classes. This is the first formal study to quantitatively assess the level of natural
reproduction by lake trout in Lake Champlain. In 2000 through 2002, we located 14 potential
lake trout spawning sites and evaluated habitat characteristics and level of spawning activity at
each site. Passive egg collectors revealed that eggs were deposited at 8 of 14 sites, with egg
abundance ranging from 1.9 to 9,623 eggs/mz. In 2001 and 2002, lake trout fry were collected in
emergent fry traps at three of five sites; catch per unit effort ranged from 0.08 to 2.38 fry - trap
'.day". We were unable to collect naturally-produced juvenile lake trout through bottom
trawling. We also examined adult lake trout size structure and abundance data collected
annually by state agencies to determine if a trend existed in the percentage of unmarked lake
trout in the population. The percentage of unclipped lake trout in Lake Champlain decreased
steadily from 1982 (7.4%) to 1988 (1.7%), was variable from 1989 to 1991, then increased from
1992 (2.6%) to a maximum in 2000 (10.4%). The percentage decreased to 5.7% in 2001. The
high levels of egg and fry abundance, the failure to collect lake-produced juveniles, and the low
percentage of unclipped adult fish all suggest a recruitment bottleneck is present during the post-

emergent fry life stage.



Introduction

Lake Champlain supported self-sustaining populations of lake trout (Salvelinus
namaycush) prior to and during the 19" century when the Lake Champlain valley was settled and
developed (Plosila and Anderson 1985). A commercial fishery was not present, though lake
trout populations were large enough to allow seine harvests of spawning stocks during the fall.
In the mid- to late 1800s, lake trout populations began to decline in Lake Champlain and became
extinct by 1900 (Plosila and Anderson 1985). No data were collected on population
characteristics or abundance prior to and during the period of decline.

Lake trout populations also underwent catastrophic collapses throughout most of the
Great Lakes during the 19" and 20™ centuries (Hansen 1999), but in contrast to these declines,
the reasons for the population crash in Lake Champlain are poorly understood. It is generally
accepted that a combination of overharvest, sea lamprey predation (Petromyzon marinus), and
cultural eutrophication caused lake trout populations to crash throughout the Great Lakes basin
(Eschmeyer 1957; Eshenroder 1992; Cornelius et al. 1995; Elrod et al. 1995; Hansen et al. 1995).
Possible explanations for the decline of lake trout in Lake Champlain include overharvest
(Plosila and Anderson 1985), predation by rainbow smelt (Osmerus mordax) (Halnon 1963), and
predation by sea lamprey, but historical data do not exist to support or refute these explanations
for Lake Champlain. A commercial lake trout fishery did not exist in Lake Champlain and
subsistence fishing in the 1800s probably had no significant impact on lake trout populations
considering there were sparse human populations and the fishing methods (seine) employed were
inefficient at the depths at which lake trout are generally found. Rainbow smelt are native to
Lake Champlain and co-evolved with lake trout, suggesting that rainbow smelt predation on lake

trout was not likely to have caused the lake trout population to decline. Sea lamprey populations



were described as common and abundant in Lake Champlain in the early to mid-1800s (Halnon
1963). It is unclear whether sea lampreys are native or exotic to Lake Champlain and this is
currently a topic of substantial debate. If sea lampreys are native, they would have entered Lake
Champlain approximately 10,000 years ago and have co-existed with lake trout. If they are
exotic to Lake Champlain, they would have entered in the mid- to late 1800s, after construction
of the Champlain and Chambly canals, and may have been a significant factor in lake trout
population declines. However, anecdotal evidence suggests that sea lamprey populations were at
low levels in the late 1800s when lake trout populations were declining, because forestry
practices made tributaries unsuitable for sea lamprey reproduction (B. Chipman, Vermont
Department of Fish and Wildlife, personal communication).

The first attempts to restore lake trout in Lake Champlain took place in the late 19"
century. Sporadic stockings were unsuccessful in re-establishing naturally reproducing
populations (Plosila and Anderson 1985). In the late 1950s and the 1960s, the New York State
Department of Environmental Conservation (NYSDEC) and the Vermont Department of Fish
and Wildlife (VTDFW) stocked limited numbers of lake trout. This stocking attempt was
successful in developing a small lake trout fishery, but also failed to produce a self-sustaining
lake trout population. Stocking levels increased in 1973 when the NYDEC, the VTDFW, and
the United States Fish and Wildlife Service (USFWS) signed an agreement to form the Lake
Champlain Fish and Wildlife Management Cooperative (LCFWMC). A primary goal of the
cooperative was to re-establish a lake trout fishery in the lake. In the absence of information
about historic stock characteristics, the goals of the restocking program focused on re-
establishing a fishery rather than restoring a lake trout population. The specific objective

developed by the cooperative in 1977 was to “Re-establish a lake trout fishery by 1985 that will



annually provide at least 45,000 additional man-days of fishing with an approximate yield of
18,000 lake trout averaging 5 pounds each.” (Fisheries Technical Committee 1977) Since 1973,
nearly 5 million lake trout have been stocked; annual stocking rates have been variable and range
from 39,000 to 271,863 yearling equivalents (5 fall fingerlings = 1 spring yearling) (Fisheries
Technical Committee 1999; Figure 1). Stocking rates were decreased by approximately half in
1995 after bioenergetics modeling suggested that the higher stocking levels coupled with
increased survival from the experimental sea lamprey control program could potentially cause
the rainbow smelt forage base to crash (LaBar 1993). Since this reduction, annual stocking rates
have stabilized between 68,000 and 90,000 yearlings. Several different lake trout strains have
been stocked including the Adirondack (Raquette Lake, Lake George), Finger Lakes (Seneca
Lake), Lake Michigan (Green Lake), Manitoba (Clearwater), Lake Superior (Marquette), Maine
(Allagash Lake), and Jenny Lake (Wyoming) (Fisheries Technical Committee 1999). More
recently, a “Lake Champlain” strain, progeny of feral lake trout from Lake Champlain, has been
produced and stocked (Figure 1). Since 1990, only the Seneca Lake and Lake Champlain strains
have been stocked in the system; these strains were selected because the Seneca Lake strain may
be more resistant to sea lamprey attacks than other strains (Swink and Hanson 1996), and the
Lake Champlain strain was primarily produced from Seneca Lake strain parents.

A second strategy to increase lake trout populations involved controlling populations of
sea lamprey. An eight-year experimental sea lamprey control program was initiated in 1990, and
used larval lampricides applied to 13 tributary systems and 5 deltas (Marsden et al., in press).
The program reduced wounding rates (Type AI-AIII) of stocked lake trout and consequently
increased survival. Prior to sea lamprey control, wounding rates were greater than 50%; during

the period of experimental sea lamprey control, wounding rates fluctuated between 30 and 50%



(Marsden et al., in press). Sea lamprey control increased mean survival rate of age-3 to 4 lake
trout from 0.35 to 0.43 and age-5 to 9 from 0.51 to 0.59; this mortality rate includes the fisheries
exploitation rate, which varied from 0.11 to 0.14 between 1991 and 1997 (Fisheries Technical
Committee 1999, Marsden et al., in press). Stocked lake trout have established a recreational
fishery that has exceeded the management goal set by LCFWMC in 1977. In summer gillnetting
conducted by LCFWMC from 1982 to 1997 (see methods), CPUE (fish/net) ranged from 3 to 11
and multiple year classes of sexually mature (>age-5) fish were collected each year (Fisheries

Technical Committee 1999). Since 1991, repeat spawners (= age-7) have represented between

19 and 47% of all lake trout sampled. However, reproduction by these fish has not contributed
significantly to the adult population.

It is unlikely that the same impediments to lake trout rehabilitation in the Great Lakes are
occurring in Lake Champlain. Adult stock size appears to be adequate; Selgeby et al. (1995)
developed stock-size criteria for the Great Lakes and determined that areas with recruitment of
age-1 and older lake trout had a CPUE in fall gillnets of 17-135 fish/305 m. In Lake Champlain,
sampling with gillnets was conducted in summer, when lake trout are more highly dispersed;
nevertheless, the equivalent catch was 7.5 to 27.5 fish/305 m of gillnet, partially within the range
of naturally reproducing populations analyzed by Selgeby et al. The failure of lake trout to
reproduce in the Great Lakes has been attributed to the accumulation of contaminants by lake
trout (Mac and Edsall 1991). Madenjian et al. (2001) reviewed research on the role that
contaminants may have played on lake trout reproductive success and concluded that
contaminants have had very little effect on lake trout recruitment in Lake Michigan.
Contaminant concentrations in Lake Champlain lake trout (R. Langdon, Vermont Department of

Environmental Conservation, unpublished data) are lower than recent concentrations found in



Lake Michigan lake trout (Madenjian et al. 2001) and therefore are unlikely to inhibit natural
recruitment of lake trout in Lake Champlain. The lack of genetic diversity in stocked lake trout
populations is also considered an important constraint to lake trout rehabilitation in the Great
Lakes (Burnham-Caurtis et al. 1995). Natural reproduction may be enhanced when genetic
diversity is maximized by stocking multiple strains and appropriate strains are matched with
stocking locations (Burnham-Curtis et al. 1995; Perkins et al. 1995). In the 1970s and 1980s
seven different lake trout strains were stocked into Lake Champlain, including strains from the
Great Lakes and Finger Lakes of New York. The Seneca Lake strain, which was stocked in the
highest frequency, has shown consistent reproductive success lakewide in Lake Ontario (Grewe
et al. 1994). Early mortality syndrome (EMS) is another important source of lake trout mortality
in the Great Lakes that is absent in Lake Champlain. EMS is linked to a diet high in exotic
alewife (Alosa pseudoharengus) that contain high levels of thiaminase (Fitzsimons 1995a).
Alewives are not present in Lake Champlain and the main forage fish, rainbow smelt, contain
approximately one-half the level of thiaminase found in alewives (J. Fitzsimons, Canadian
Center for Inland Waters, personal communication). Native lake trout in Lake Champlain were
self-sustaining with a diet of native smelt, as there are few other forage species in the lake; the
decline of Great Lakes lake trout did not occur for almost six decades after the introduction of
smelt into the lakes in the 1920s and 1930s (Christie 1974). In the spring of 2001, approximately
150 lake trout sac-fry were collected from the Grand Isle breakwall and held at the Grand Isle
Fish Hatchery until the yolk sac was fully absorbed; fry survival was greater than 90% and no
signs of EMS were detected (D. Marchant, VTDFW, personal communication). Jones et al.
(1995) developed a quantitative model of lake trout egg and fry predation and concluded that

predation mortality could block natural recruitment, especially in systems where exotic predators



have become established. To date, Lake Champlain has had no additions of known lake trout
egg or fry predators.

Despite the efforts of managers to increase lake trout populations in Lake Champlain,
lake trout have not re-established self-sustaining populations. Since the mid-1980s, adult lake
trout in Lake Champlain have exhibited typical spawning behavior by aggregating during
autumn at sites with appropriate spawning substrate (B. Chipman, VTDFW, personal
communication), i.e., clean rock substrate with deep interstitial spaces. However, prior to this
study there was no attempt to confirm lake trout natural reproduction at these sites. The goal of
this study was to determine the level of lake trout natural reproduction in Lake Champlain. The
objectives were to: 1) identify potential lake trout spawning sites, 2) intensively assess lake trout
reproductive success (egg deposition, fry hatch, and fry survival) at identified sites, and 3)

evaluate the contribution of unclipped lake trout to the juvenile and adult population.

Methods
Lake description
Lake Champlain forms the boundary between Vermont and New York and extends north
into the Canadian province of Quebec (Figure 2). The lake is 193 km long, has a maximum
width of 19 km, and a surface area of 1,127 km” (Lake Champlain Basin Program 1999). The
mean depth is 19.5 m and the maximum depth is approximately 120 m; the main basin of the

lake is primarily meso- to oligotrophic (Lake Champlain Basin Program 1999).



Assessment of unclipped lake trout

Annual assessment surveys for adult lake trout have been conducted since 1982 by
VTDFW and NYDEC. From 1982 to 1997, the surveys were conducted during June, July, and
August using nylon multifilament gill nets 122 m long and 1.8 m deep. Gill nets were composed
of eight 15-m panels of different stretch mesh sizes (64, 76, 89, 102, 114, 127, 140, and 152 mm)
and were fished for 24 hours. Age-4 and older (>400 mm) lake trout are fully selected to the
gear while age-3 fish (<400 mm) are only partially selected (Fisheries Technical Committee
1999). Beginning in 1989, state agencies started fall electrofishing surveys to provide a second
index of population abundance, size and age structure. In 1997, agencies converted from
summer gillnetting to electrofishing only. Because all lake trout stocked into Lake Champlain
are marked with a fin clip, an individual fish is assumed to be naturally produced if it has no fin
clips. However, unclipped fish may also include those that were mistakenly not clipped prior to
stocking or regenerated the clipped fin and were not recognized as clipped. The surveys
provided an extensive data set to evaluate the proportion of unclipped age-3 and older lake trout

and changes in abundance, age, and size structure through time.

Spawning site surveys

In the summers of 2000 and 2001, we located potential spawning sites using bathymetric
charts, observations of shoreline geology, scuba observations, remotely operated video, and
discussions with Lake Champlain fisheries biologists. We were seeking sites with habitat
characteristics believed to be important for lake trout spawning including: cobble or boulder
substrate, deep (>10 cm) interstitial spaces, low amounts of silt present, and adjacency to a steep

slope (Marsden et al. 1995; Fitzsimons 1995b). Cobble is defined as particles with diameters of



25.7 t0 99.9 cm; particles larger than cobbles are defined as boulders, as used in previous
examinations of lake trout spawning habitat (Marsden et al. 1995). Spawning habitat quality and
lake trout spawning levels were evaluated at selected sites. Variables measured to evaluate
spawning habitat quality included reef depth, reef slope, substrate size, and interstitial depth.

The approximate area of spawning sites was estimated using a combination of measurements of
reef dimensions conducted by divers with a 100 m measuring tape, and visual estimates of small
areas by divers. Divers made visual observations of the relative abundance of macrophytes and
zebra mussels (Dreissena polymorpha), and estimated abundance of egg and fry predators such
as sculpins (Cottidae) and crayfish as frequency of sightings of each species observed while
burying egg bags, or surveying a reef. These observations provided a crude estimate of relative

abundance.

Lake trout spawning activity assessment

Once potential spawning sites were identified we assessed egg deposition in fall of 2000
and 2001 using quantitative and qualitative passive egg collectors. The qualitative egg collection
gear consisted of 15 egg nets (Horns et al. 1989) and 15 egg traps (Marsden et al. 1991) attached
alternately 1 m apart to a 30-m line with anchors and buoys at each end. The gangs of traps and
nets were deployed in early fall just prior to spawning and checked for the presence of eggs
weekly until spawning was finished. The quantitative egg collectors (bags) consisted of a 45.7-
cm deep cloth bag (3-mm mesh) attached to a 29.8 cm diameter PVC ring (Perkins and Krueger
1994). Scuba divers buried the bags by excavating a 40-50 cm deep pit, placing an individual
bag into a pit, and backfilling the bag with the removed substrate. Egg bags were buried prior to

spawning (August-October) and were retrieved when spawning was believed to have finished
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(late November-early December). During the 2000 spawning season, five sites were sampled
using one gang of the qualitative egg collectors (15 traps and 15 nets) per site. Additionally, a
remotely operated vehicle (ROV) equipped with a suction sampler was used in a related study to
explore for lake trout spawning in deep water. In 2001, 10 sites were sampled using quantitative
egg collectors and two sites were sampled using qualitative egg collectors. Eggs collected from
each site were counted and preserved in Stockard’s solution. Empty egg shells (chorions) also
supplied evidence of the presence of eggs, and were counted and included with egg totals.

A subset of sites where lake trout deposited eggs were sampled for fry in the spring of
2001 and 2002 using two types of surface deployed qualitative emergent fry traps. A rigid steel
trap (Marsden et al. 1988) and a similarly designed nylon mesh trap (Chotkowski et al. 2002)
were deployed from ice-out (April) through mid-June. In 2001, fry sampling was conducted at
the Grand Isle breakwall, Whallon Bay, Ore Den Bay, and Arnold Bay. In 2002, fry sampling
was conducted at the Grand Isle breakwall, Saxton Cove, Whallon Bay, and Arnold Bay. Each

site was sampled with 7 to 20 traps that were checked weekly for the presence of fry.

Juvenile lake trout sampling

In summer of 2001, we used a bottom trawl (7.62 m headrope, 6.35 mm stretched-mesh
cod end) to sample for yearling and older lake trout at Shelburne Bay, Whallon Bay, and
Willsboro Bay. Sampling occurred on May 18 and July 18, 2001 at Shelburne Bay, on July 18,
2001 at Whallon Bay, and on August 16, 2001 at Willsboro Bay. Depths sampled ranged from
15 to 40 m. The duration of bottom trawling at 2.2 knots was 79 minutes at Shelburne Bay, 26
minutes at Whallon Bay, and 70 minutes at Willsboro Bay. All lake trout captured were

examined for fin clips, measured for total length, and then released.
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Results
Assessment of unclipped lake trout
The percentage of unclipped lake trout in Lake Champlain decreased steadily from 1982
(7.4) to 1988 (1.7), fluctuated from 1989 to 1991, and increased from 1992 (2.6) to 2000 (10.6)

(Figure 3). In 2001, the percentage decreased to 5.7.

Spawning site surveys

Since the mid-1980s, New York and Vermont state biologists have observed large
aggregations of adult lake trout at two sites (Grand Isle breakwall and Whallon Bay) during the
fall, providing indirect evidence of spawning. In 1998 and 1999, preliminary studies (JEM,
unpublished data) sampled eggs and fry at the Grand Isle breakwall and Whallon Bay,
confirming spawning activity at these sites. The Grand Isle breakwall consists of angular
cobbles and boulders 13 to 105 c¢m in diameter, piled 15 to 86 cm deep on a 35 to 60° slope
(Table 1). In fall, the water depth above the cobble substrate ranges from 0.3 to 5 m. The area of
cobble is approximately 570 m®. Whallon Bay has round substrate composed of natural, rounded
cobble and boulder ranging from 17 to 106 cm in diameter with interstitial spaces 4 to 29 cm
deep (Table 1). Whallon Bay is a moderately sloping, north facing shoreline, approximately
64,372 m”in area, and ranges from 0.3 to 14 m in depth.

Four sites in 2000 and 8 sites in 2001 were chosen as potential lake trout spawning areas
(Figure 2, Table 1). Burlington breakwall (north and south), Willsboro Bay, Saxton Cove, Iron
Bay, Ore Den Bay, and Arnold Bay are artificial sites either intentionally created to protect water
intake pipes or to construct piers, or unintentionally created through mining or railroad

construction. Shelburne Point, Allen Hill, Cannon Point, Thompson’s Point, and Button Bay are
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sites composed of natural rock materials. In total, 14 sites were evaluated for biotic and abiotic
habitat characteristics and for assessment of lake trout spawning (Table 1). Macrophytes were
sparse or absent at all sites except Iron Bay, Ore Den Bay, and Button Bay. Egg and fry predator
abundance was observed to be low at most sites (< 5 predators/mz). Zebra mussel abundance
was moderate to dense at all sites except the two Burlington breakwall sites and Cannon Point.
At moderate densities zebra mussels covered over 90% of hard surfaces in at least a single layer,

and at higher densities they formed colonies several individuals thick over all hard surfaces.

Lake trout spawning activity assessment

Egg deposition occurred at 8 of 14 sites sampled in 2000 and 2001. In 2000, eggs were
collected at 4 of 5 sites from November 13 to December 11 (Table 2). Catch per unit effort
ranged from 0.002 to 4.08 eggs - trap™ - day™'. Eggs were collected at a rate of 14.5 per minute
from one additional site (Ore Den Bay) using a suction sampler mounted on a remotely operated
vehicle. In 2001, eggs were collected from 6 of 12 sites sampled. Mean egg density at sites
where eggs were collected was lowest at Iron Bay (1.9 £1.3 SE eggs/m”) and highest at Grand
Isle (9,623 +1,658 SE eggs/m?). Chorions comprised less than 12.1% of the collections at any
site and was less than 4% at most sites.

In 2001, fry were caught at three of four sites (Grand Isle breakwall, Whallon Bay, and
Arnold Bay) from the beginning of the sampling period to the second week in June (Table 3).
Total CPUE (fry - trap™ - day™') among these three sites was highest at Arnold Bay (2.38),
intermediate at the Grand Isle breakwall (0.33), and lowest at Whallon Bay (0.14). Ten fry traps

were set at Ore Den Bay and yielded no fry.
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In spring 2002, fry were collected from three of four sites sampled. Fry CPUE remained
high at Arnold Bay (1.73), intermediate at the Grand Isle breakwall (0.32), and lowest at

Whallon Bay (0.08).

Juvenile lake trout sampling

In 175 minutes of bottom trawling at 2.2 knots, we collected 11 clipped and zero
unclipped lake trout. All 11 fish were collected from Shelburne Bay at a rate of 0.14 fish/min
bottom time and ranged from 217 to 396 mm total length. No lake trout were collected from

either Whallon Bay or Willsboro Bay.

Discussion

This is the first formal study of lake trout spawning activity in Lake Champlain. Our
survey of lake trout spawning habitat revealed the presence of multiple artificial and natural reefs
with substrate suitable for egg incubation. With the exception of Willsboro Bay, Iron Bay, and
Ore Den Bay, where human-deposited cobble extended down steep slopes to depths up to 20 m,
all of the spawning substrate was in shallow water (< 8 m). Lake charts and anecdotal
information from lake biologists suggest that there are additional sites not examined in the
present study that have appropriate lake trout spawning habitat; with the exception of the Grand
Isle site, we focused our work only on the middle third of the lake. Based on this information,
the availability of spawning habitat does not appear to limit lake trout production.

Lake trout spawned at several sites throughout the main lake, with relatively high rates of
egg deposition at three locations compared to the Great Lakes. Lake trout egg deposition in

Lake Champlain is an order of magnitude greater than in Parry Sound, Lake Huron where the
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lake trout population is considered to be restored based on several criteria (Reid et al. 2001).
Maximum CPUE (eggs - trap' - day™') using egg nets and traps was 4.08 in Lake Champlain,
whereas the maximum CPUE from lakes Superior (0.06), Michigan (0.07), Huron (0.46), and
Ontario (0.45) were much lower (Schreiner et al. 1995). Extremely high lake trout egg
deposition occurred at the Grand Isle breakwall in 2001; mean egg density was 9,623 eggs/m”
compared to mean densities of 6,178 at Burlington Pier, Lake Ontario (Fitzsimons 1995b) and
4,250 at Stony Island, Lake Ontario (Perkins and Krueger 1995). Mean egg density (eggs/m?)
among all sites using egg bags was 2,273 (mean = 436 excluding the Grand Isle breakwall) in
Lake Champlain, 30.1 in Lake Superior (Kelso et al. 1995), 1,150 in Lake Ontario (Fitzsimons
1995b), 221.7 in Parry Sound, Lake Huron (J. Fitzsimons, Canadian Center for Inland Waters,
unpublished data), and 17.8 in Lake Michigan (J. Jonas and R. Claramunt, Michigan Department
of Natural Resources, unpublished data).

Artificial reefs comprised over half of the spawning sites we located; eggs were collected
at five of eight artificial sites and three of six natural sites. Ore Den Bay and Iron Bay are
adjacent to abandoned iron mining sites where large quantities of mine tailings have trickled
down steep shorelines into the bays. Both sites have steep slopes and deep interstitial spaces.
Hatching may be compromised at these sites as dense macrophyte beds develop during the
summer and decompose over the winter, contributing organic matter to the substrate. Low egg
densities at both sites and the failure to collect fry at Ore Den Bay suggest that these sites are
relatively unproductive compared to other spawning sites within the lake. The Arnold Bay site is
a small cobble crib covering a water intake line used as a lake trout stocking site from 1989 to
1994. 1t is unknown whether lake trout show spawning site fidelity, however, considerable

evidence suggests that fish in general recognize and return to specific sites when displaced
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(Dodson 1988; Gunn 1995). Adequate egg incubating substrate and possible imprinting to the
stocking site may explain the high egg and fry densities at Arnold Bay. The Saxton Cove site is
located over a small, ruined breakwall with deep and extremely clean interstitial spaces.
Although the rate of egg deposition was moderate compared to other sites within the lake, no fry
were collected in spring; however, fry were subsequently collected at this site in 2003. The
highest egg deposition rates of all sites occurred at the Grand Isle breakwall. The breakwall
protects a ferry dock and is situated parallel to the ferry path and perpendicular to the prevailing
winds. Both the ferry and the winds generate water currents around the breakwall, keeping the
substrate clean of sand, silt, and fine organic matter. Water flowing through the Grand Isle state
fish hatchery empties into Lake Champlain approximately 200 m from the breakwall. Chemical
cues from several salmonid species, including lake trout, reared at the hatchery may aid in
attracting spawning lake trout to the area. Egg deposition levels at this site may have had a
negative effect on overall survival as fungus can rapidly spread if egg densities are too high.
Several egg bags collected in the spring from the Grand Isle breakwall site had large fungus
patches attached to the mesh resulting from decomposing eggs. While this is an artifact of the
artificially high egg clustering within egg bags, it is still indicative of potential problems in the
natural substrate.

Artificial sites without lake trout egg deposition include the two Burlington breakwall
sites and Willsboro Bay. During the summer of 2001, the northern and southern ends of the
Burlington breakwall were repaired by the U. S. Army Corps of Engineers. Angular cobble was
piled at the base of the breakwall, creating deep, clean interstitial spaces. Prior to the repairs, no
lake trout egg incubating substrate was present, so lake trout likely did not use those areas for

spawning. Recent renovations to the two Burlington breakwall sites may explain why eggs were

16



not collected from either site. The site in Willsboro Bay is a steep, straight shoreline where
angular rock from railroad tracks has trickled into the water. Although this substrate is clean of
organic matter and has deep interstices, spawning lake trout may have been attracted to other
sites within the bay that we did not sample. Spawning behavior has been observed by lake
biologists at Willsboro Point, which is in close proximity to the site we sampled.

Whallon Bay, Shelburne Point, and Button Bay are natural sites where eggs were
collected. Although Arnold Bay and the Grand Isle breakwall had the highest densities of eggs
and fry, Whallon Bay may be the most productive site based on reef area. Arnold Bay and the
Grand Isle breakwall are small sites, approximately 189 and 570 m? in area, respectively. The
area of appropriate spawning substrate at Whallon Bay is over a hundred times larger at
approximately 64,372 m”>. Egg bags were buried in a line at depths of 3 to 4 m. We did not
observe any differences in habitat characteristics, such as substrate size or reef slope along the
line of bags. However, egg distribution among egg bags was not uniform; possibly lake trout
identified substrate characteristics that we could not. There was an obvious peak of egg
deposition in the bags buried in the center of the line. We also observed eggs at depths of <2 m
down to 9 m, suggesting that deposition is extensive at the Whallon Bay site. Low numbers of
eggs were collected from Button Bay and Shelburne Point. Extensive habitat surveys have not
been conducted at either site. Surface observations at these sites suggest that appropriate lake
trout spawning substrate appears to be limited, as bedrock is the dominant substrate type.

Several seemingly adequate natural sites where eggs were sampled for, but not collected,
included Allen Hill, Cannon Point, and Thompson’s Point. Allen Hill and Cannon Point both
have relatively shallow interstitial spaces that were “cleaner” during the summer, when habitat

evaluations were conducted, than in the fall spawning season. Thompson’s Point was chosen for
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egg sampling because in fall of 2001, scuba diver observations revealed over twenty adult lake
trout at the site. These fish may have been staging to spawn somewhere else since the substrate
here (bedrock covered with zebra mussels) is of low egg incubating quality and no eggs were
collected.

Fry trapping efforts in 2001 and 2002 provided evidence that eggs were successfully
incubating and hatching. Lake Champlain mean fry CPUE ranged from 0.08 to 2.38 compared
to mean estimates of 0.35 in Lake Michigan, 0.04 in Lake Ontario, 0.02 in Lake Huron, and 0.57
in Lake Superior (Marsden et al. 1988). Considering the high levels of egg deposition at Grand
Isle, fry CPUE was lower than expected; however, our traps may not have always been
effectively fishing. The cobble substrate used to construct the breakwall does not extend very far
from the base of the wall and is adjacent to sand. Some traps may not have been set on the
cobble or may have slid off on to the sand; this would artificially lower CPUE. Also, predation
by slimy sculpins (Cottus cognatus) may have lowered fry catch rates. For the first two weeks of
fry trapping in spring 2002 up to 12 slimy sculpins were captured per trap and were likely
feeding on lake trout fry in the traps. No fry were found in stomach contents, but this is not
unexpected as digestion would have occurred before the traps were checked. We modified the
fry traps to exclude predators and saw a decrease from 46 to 5 total sculpins collected from all
traps and an increase in fry « trap™' * day™ from 0.47 to 0.71.

Our data indicate that lake trout spawn at multiple sites throughout Lake Champlain and
mean egg density was higher than mean density at an already restored population in the Great
Lakes (Parry Sound, Lake Huron). In 2001 and 2002, mean fry CPUE in Lake Champlain
exceeded maximum estimates from Lake Superior where lake trout are self-sustaining. It is

important to note that although egg density and fry CPUE in Lake Champlain are high compared
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to the Great Lakes, total egg and fry production among these systems cannot be compared
because the geographic extent of spawning is unknown . Spawning sites and egg deposition
were easy to locate in Lake Champlain, and have been difficult to find in portions of the Great
Lakes (e.g., Horns et al. 1989, Edsall et al. 1995). This difference is likely a consequence of
scale; there are few if any extensive (> 1 km) areas of cobble in Lake Champlain and few are far
(> 1 km) from shore, so spawning appears to be concentrated in small, readily accessible areas.
Given the high numbers of eggs and fry we detected, we would expect to collect unclipped
juveniles and adults in assessment surveys. There has been a very limited amount of sampling
for unclipped juvenile lake trout in Lake Champlain; state assessments for lake trout focus on
adult sampling. In limited sampling efforts, we did not collect any unclipped juvenile lake trout.
The decrease in the percentage of unclipped adult lake trout during the early years (1980s) of
adult sampling may be explained by an improvement in fin clipping and clip identification
practices. If the entire fin is not clipped, regeneration occurs and can be difficult to identify.
Data beginning in the early 1990s are likely a more accurate representation of unclipped and
presumably lake-produced fish as hatchery and sampling crews gained experience. Since 1990,
a sub-sample of 100 lake trout have been checked for clips each year prior to stocking; 97 to
99% of these fish are clipped (B. Chipman, VTDFW, personal communication). Schneider et al.
(1990) and Holey et al. (1995) suggested that successful natural recruitment beyond the fry stage
can be construed when the number of unclipped adult lake trout in the population exceeds 2%,
although examination of an extensive tagging and clipping dataset in Lake Michigan suggests
that 5% should be used as a baseline (J. Jonas, Michigan Department of Natural Resources,
personal communication). The recent increase in percentage of unclipped lake trout from just

above 2% in 1993 to over 10% in 2000 suggests that lake trout spawned in the lake are recruiting
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to age-3 and older. However, from 1994 to the present, the length frequency of unclipped adult
lake trout has also increased. In 1994, the most numerous size class of unclipped lake trout was
350-450 mm and each year since then th*e majority has come from a slightly larger length class.
In 2001, the 650-750mm length class contained the majority (75%) of unclipped lake trout. This
suggests that in the late 1980s or early 1990s one naturally-produced year class may have had
particularly high survival or fish were mistakenly stocked without being clipped. The decrease
in unclipped lake trout from 2000 (10.4%) to 2001 (5.7%) could potentially be a result of
mortality of this larger and older year class; very few lake trout caught in the assessment surveys
are larger than 750 mm. Even if the unclipped lake trout were mostly natural recruits, the
percentage of unclipped lake trout is lower than expected considering the high levels of egg and
fry production.

A decrease in stocking rate could potentially over-inflate the percentage of unclipped lake
trout in the population. Because the annual stocking rate in Lake Champlain was variable and
decreased by half since 1995, we examined whether this variation affected the ratio of unclipped
to clipped fish. The percentage of unclipped lake trout was adjusted by the number of yearling
equivalents stocked, i.e., each age class of clipped lake trout recovered in a given year was
adjusted by the total number of yearlings stocked that made up that year class. This adjustment
produced a trend identical to the non-adjusted percentage of unclipped lake trout, indicating that
variation in stocking rate did not affect the percentage of unclipped fish.

Many of the factors impeding lake trout recruitment in the Great Lakes are lacking in
Lake Champlain, e.g., insufficient spawning stock, contaminants, lack of genetic diversity, EMS,
and predation on age-0 lake trout by exotic species. The high levels of egg and fry abundance in

Lake Champlain, the failure to collect lake-produced juveniles, and the pattern of increasing
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length in the percentage of unclipped fish all suggest a bottleneck during the post-emergent fry
life stage. Little is known about habitat for, or predators of, this life stage. Potential lake trout
fry predators in the lake include slimy sculpins, yellow perch (Perca flavescens), and rainbow
smelt (Jones et al. 1995). Yellow perch are very abundant and have been observed at several
spawning sites during fall and spring. Further studies that examine egg and fry production and
survival are necessary to better understand impediments to lake trout restoration in Lake
Champlain. In particular, studies of the abundance and diets of potential predators of eggs, sac-
fry, and post-emergent fry may explain why the high levels of egg abundance we document have

not resulted in recruitment of naturally-produced lake trout.
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Table 1. Spawning habitat of 14 potential lake trout spawning reefs in Lake Champlain. Sites

are listed from north to south (Figure 2).

Approx.
Depth area of Substrate  Interstitial
range substrate Substrate  size range depth
Site (m) (m?*)* Slope” type (cm) (cm)®
Grand Isle breakwall 0.3-4 570 35-60° angular 13-99 15-86
rubble/
cobble
Burlington breakwall 0.3-8.0 500 30-50° angular 15-80 >20
(North) rubble/
cobble
Burlington breakwall 0.3-8.0 450 30-50° angular 15-80 >20
(south) rubble/
cobble
Shelburne Point 0.3-4 bedrock = ---------- <10
Allen Hill 0.3-8 4,000 45-65°  angular 15-35 10
rubble/
cobble
Willsboro Bay 0.3-18 - 0-45° angular 40-300 >20
cobble/
boulder
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Table 1, continued.

Saxton Cove 2.6-5.0 320 10-60° angular 10-60 10-30
rubble/
cobble
Cannon Point 0.3-40 - 70° cobble 30-80 5-15
Whallon Bay 0.3-14 64,372 20-85°  rounded 17-106 4-29
rubble/
cobble/
boulder
Thompson’s Point I-10 - 65° bedrock  ---------- <10
Iron Bay 0.3-20 800 0-30° mine 10-152 20-100
tailings
Ore Den Bay 0.3-20 1000 0-10° mine 30-90 10-30

tailings

Button Bay 1-4 200 - angular
cobble

Arnold Bay 1-7 189 60° angular 10-60 20
rubble/

cobble

* Area extrapolated from a combination of actual measurements of reef dimensions and visual
estimations.

> A slope of 0°is vertical; 90° is horizontal.

¢ Measured vertically using a rigid ruler; interstices may extend below these depths.
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Table 2. Summary of data from lake trout egg collections conducted in Lake Champlain during

2000 and 2001. Mean egg abundance in egg bags are presented as eggs/m”. Eggs collected with

egg traps and nets presented as eggs - trap™ - day. Total number of eggs includes egg chorions

(outer embryonic membrane). Sampling dates include the entire sampling period; dates of

collections include only dates when eggs were collected.

Mean egg
Collection # Sampling dates abundance +
Location and year gear collectors  (dates of collections) # eggs SE
2000
Grand Isle breakwall  traps and nets 30 7 Nov- 8 Dec 3,799 4.08"
(13 Nov- 8 Dec)
Cannon Point traps and nets 30 14 Nov- 29 Nov 0 0
Whallon Bay traps and nets 30 2 Nov- 4 Dec 1 0.002 +0.03
(14 Nov- 28 Nov)
Button Bay traps and nets 30 4 Nov- 11 Dec 10 0.02+0.21
(19 Nov- 11 Dec)
Arnold Bay traps and nets 30 3 Nov- 11 Dec 85 0.12+0.33
(3 Nov- 11 Dec)
2001
Grand Isle breakwall Bags 59 10 Oct- 27 Nov 39,593 9,623 +
1,658
Burlington breakwall Bags 15 23 Oct- 3 Dec 0 0

(north)



Table 2, continued

Burlington breakwall

(south)

Shelburne Point

Willsboro Bay
Allen Hill

Saxton Cove

Cannon Point
Whallon Bay
Thompson’s Point
Iron Bay

Arnold Bay

Bags

traps and nets

Bags
Bags
Bags
Bags
Bags
traps and nets
Bags

Bags

15

30

19

15

15

15

60

30

15

15

15 Oct- 29 Nov

23 Oct- 29 Nov
(30 Oct- 29 Nov)
16 Oct- 5 Dec
5 Sept- 29 Nov

11 Oct- 30 Nov

21 Aug- 4 Dec

21 Aug- 4 Dec
8 Nov-13 Nov
6 Sep- 4 Dec

30 Aug- 30 Nov

116

2,728
0
2

949

0

0.001 +0.03
0

0

118 £59

0

652 + 158

0

1.9+1.3
972 + 289

* Eggs from nets and traps were not tallied separately on this date, so the SE could not be

calculated.
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Table 3. Lake trout fry collections in Lake Champlain, 2001 and 2002, using emergent

fry traps. CPUE is fry » trap™' « day™'. Totals and CPUE at a site only include data from

first fry collection to the last.

Location and year Set Lifted Days # Traps # Fry CPUE
2001

Grand Isle breakwall  16-Apr 6-Jun 52 10 173 0.33
Whallon Bay 20-Apr 13-Jun 55 19 146 0.14
Ore Den Bay 3-May 19-Jun 48 10 0 0
Arnold Bay 2-May 4-Jun 25 10 594 2.38
2002

Grand Isle breakwall 5-Apr 6-Jun 62 12 237 0.32
Saxton Cove 26-Apr 3-Jun 41 7 0 0
Whallon Bay 10-Apr 4-Jun 55 20 89 0.08
Arnold Bay 26-Apr  20-May 24 6 249 1.73
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Figure Captions

Figure 1. Numbers of yearling-equivalent lake trout stocked into Lake Champlain by year class
and strain, 1972-1997. “Finger Lakes” represents Seneca Lake strain, and also includes
composite strains of progeny from feral lake trout in lakes Ontario and Champlain, which were
assumed to be largely of Seneca Lake origin. “Other strains” include Jenny Lake, Lake
Michigan, Lake Superior (Marquette), Manitou (Clearwater), Adirondack (Raquette Lake, Lake

George), and Maine (Allagash Lake).

Figure 2. Locations of areas examined for lake trout spawning in Lake Champlain.

Figure 3. Percentage of unclipped lake trout collected in adult population assessments in Lake

Champlain. The line at 2% represents the estimated level of missed fin clips or unidentified

hatchery fish, above which recruitment is presumed to be occurring (Schneider et al. 1990, Holey

et al. 1995).

33



Number of yearling-equivalent lake trout

stocked x 1,000

Il

@ Other strains
O Finger Lakes

1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996

34

Year class



) Quebec
___________________________________ _/;\_)1________________________.

Grand Isle breakwall

' Burlington Breakwall
Willsboro Bay
Shelburne Pt.
New York \ Allen Hil  Vermont
. \s

Cannon Pt: axton Cove
Whallon Bay —¥ Thompson’s Pt.
Iron Bay Button Bay
Ore Den Bay
Arnold Bay

35



Percent unclipped lake trout

12

10

1982

1984

1986

1988

1990

1992
Year

36

1994

1996

1998

2000



A comparison of lake trout spawning, fry emergence, and habitat use in lakes Michigan,

Huron, and Champlain

J. Ellen Marsdenl*, Randall M. Claramunt’, Brian J. Ellrott', John D. Fitzsimons3, and Jory

2
Jonas

! University of Vermont, Rubenstein Ecosystem Science Laboratory, School of Natural
Resources, Burlington, Vermont, 05405, USA.
* Michigan Department of Natural Resources, Charlevoix Fisheries Research Station, 96 Grant
Street, Charlevoix, Michigan 49720, USA.
3 Department of Fisheries and Oceans, Centre for Inland Waters, Burlington, Ontario, L7R 4A6

Canada.

*Corresponding author: ellen.marsden@uvm.edu

Keywords: lake trout, restoration, habitat, spawning, fry emergence



Abstract

Restoration of self-sustaining populations of lake trout are underway in all of the Great Lakes
and Lake Champlain; to date, restoration has only been achieved in Lake Superior and in Parry
Sound, Lake Huron. We evaluated the potential for current stocks of lake trout to achieve
restoration by comparing spawning habitat availability, relative abundance of spawners at
spawning reefs, egg and fry density and egg survival in Parry Sound with similar data from Lake
Michigan and Lake Champlain. Five to 15 sites in each lake were surveyed by divers, who also
made visual assessments of the presence of adult lake trout in fall. Spawning adults were
sampled at two to four reefs in each lake using standardized gillnets in 2002. Eggs were sampled
using egg bags at two to 12 reefs per lake in fall, 2000-2002; eggs were also sampled using egg
traps and nets in Lake Champlain in 2000 and 2001. Fry were sampled using emergent fry traps
at two to four sites in each lake in spring, 20001-2003. Fry were also collected in egg bags left
on the reefs overwinter in Parry Sound in each lake in 2001-2002, and in Lake Champlain in
2002-2003. Most of the sites surveyed had excellent spawning habitat. Adult lake trout were
seen in low numbers at 1-2 sites in lakes Michigan and Champlain, in very high numbers at one
site in Lake Champlain, and were not seen in Parry Sound. No lake trout were collected in
gillnets in Lake Michigan, 0.16/hr were caught in Parry Sound, and 7.5 hr were caught in Lake
Champlain. Eggs were collected at all five sites surveyed in Parry Sound, nine of 15 sites
sampled in Lake Champlain, and six of ten sites in Lake Michigan. Egg deposition was lowest in
Lake Michigan ((0.4 — 154.5 eggs/m®), intermediate in Parry Sound (39 — 1,027 eggs/m?), and
highest overall in Lake Champlain but with higher variation among sites (0.001 — 9,623
eggs/m”). Fry collections in fry traps followed the same trend: no fry in Lake Michigan, 0.005 —

0.06 fry per trap day in Parry Sound, and 0.08 — 3.6 in Lake Champlain. Egg survival to hatch in
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overwinter egg bags was similar in Lake Michigan (7.6%) and Parry Sound (2.3 — 8.9%) in
2001-02, and varied in Lake Champlain (0.4-1.1% in 2001-02, and 1.8 — 18.2 in 2002-03. Using
Parry Sound as a benchmark for successful restoration, recruitment of age 1+ lake trout is highly
unlikely in northern Lake Michigan. The low levels of recruitment in Lake Champlain suggest

that there are sources of high mortality that occur after fry emergence.



Introduction
Populations of lake trout (Salvelinus namaycush) were extirpated from the Great Lakes by the
1960s, and from Lake Champlain (Vermont and New York) by 1900 (Eschmeyer 1957, Plosila
and Anderson 1985, Eshenroder 1992, Cornelius et al. 1995, Elrod et al. 1995, Hansen et al.
1995). The causes for the decline in the Great Lakes are generally understood to be commercial
fishing and mortality from sea lamprey (Petromyzon marinus) attacks; however, the cause of the
extirpation of lake trout from Lake Champlain is unknown (Ellrott and Marsden in press). In
each of the lakes, restoration of lake trout populations has involved sea lamprey control, annual
stocking of one or more strains of lake trout, and regulation of harvest. Lake trout populations
became self-sustaining in Lake Superior in the 1990s, but are sustained by stocking in each of
the other lakes. Evidence of spawning by stocked fish is extensive in most of the lakes, but there
has been little to no evidence of sustained recruitment to age-1 and older except in Lake Superior
and at two sites in Lake Huron (Cornelius et al. 1995, Elrod et al. 1995, Eshenroder et al. 1995,
Hansen et al. 1995, Holey et al. 1995, Ellrott and Marsden in press). Since lake trout stocked as
fingerlings or yearlings survive and grow well to maturity, it is generally hypothesized that the
impediments to successful lake trout reproduction likely occur between spawning in fall and

emergence of fry from spawning reefs in spring.

The purpose of this study was to compare lake trout spawning populations, habitat use, and fry
emergence among three lakes at different stages of lake trout population restoration. In Lake
Michigan, the restoration program has been underway since 1965; evidence of reproduction (egg
deposition and/or fry hatch) was documented in Grand Traverse Bay area in the early 1970s, and

along the southern shoreline in the early 1980s and 1990s, but wild year classes of age-1+ fish
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have not been detected (Holey et al. 1995). In Lake Huron, restoration stocking began in the
early 1970s, and reproduction has been detected since the mid-1980s in South Bay and near
Thunder Bay (Anderson and Collins 1995, Johnson and VanAmberg 1995). In Parry Sound, on
the north-east shoreline of Georgian Bay, recruitment of naturally-produced fry has been
sufficient to produce substantial year classes of wild lake trout since 1988 and restoration was
considered to be achieved by 1997 (Reid et al. 2001). Lake trout stocking began in Lake
Champlain in 1973, with the goal of restoring a fishery. Starting in 1999, a search for evidence
of reproduction by stocked fish revealed numerous sites where spawning and fry hatch occurred,
but recruitment of wild fish has been limited (Ellrott and Marsden in press). A comparison
among these three lakes may indicate the spawning population size, levels of spawning habitat
availability, use by stocked fish, and successful emergence of fry that are necessary for
restoration to succeed. Our study focused on northern Lake Michigan, Parry Sound in Lake

Huron, the southern half of the main basin of Lake Champlain.

Methods

Spawning site surveys

In all three lakes, potential spawning sites were located using data on fall aggregations of lake
trout, and lake bottom topography and substrate composition. Information on lake trout
aggregations was available in historic records from fall commercial fishing (lakes Michigan and
Huron), and modern lake trout assessment work (Goodyear et al. 1982, Ellrott and Marsden in

press). Spawning reefs generally have deep cobbles that protect eggs over the winter, and a steep



contour that may aid in increasing water currents that keep the substrate scoured of silt
(Fitzsimons 1994, Marsden et al. 1995). We examined bathymetric charts for areas of steep
contour, then examined promising sites using scuba. If rubble/cobble substrates were present,
we measured the following characteristics at each site: depth at top and base of the reef, reef area
(defined by the area encompassed by cobbles), slope angle of the reef contour, substrate type,
particulate substrate size, interstitial depth, presence of silt or organic debris, and presence of
zebra mussels. Reef area was measured by divers using a 100 m tape. Slope angle was
measured using a protractor and plumb line. We measured 20 to 60 substrate particles along
their longest axis to estimate mean size. In Lake Michigan and Parry Sound each reef was
videotaped and substrates were measured from the videotape images. We used the Wentworth
scale as described in Marsden et al. (1995) to classify substrate: gravel is < 65mm, rubble is 65-
256 mm, and cobble is 257-999 mm in the longest dimension. Interstitial depth was measured by
inserting a rigid ruler vertically into the substrate several times until a maximum depth was
found; interstices likely extend substantially below these depths on most reefs. Substrate shape
(angular versus rounded) and presence of silt and zebra mussels were evaluated visually. We
also determined from charts the longest fetch and direction of fetch; this information defines how

much water movement can be expected on the reefs due to wind-generated water movements.

Subsequent work in each lake focused on sites that had the highest predicted potential to attract
spawning lake trout, or yielded the largest egg collections in the first year of work. Additional
sites were sampled as time allowed. In Lake Champlain the focal sites were Grand Isle and

Whallon Bay; in Parry Sound they were Davy Is., Bar Is., Horse Is., and Mowat Is.; in Lake
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Michigan they were the LTB crib, Bay Harbor, and Fishermens Is. An additional 13 sites in

Lake Champlain, one site in Parry Sound, and seven sites in Lake Michigan were studied.

Adult lake trout assessment

The density of spawning lake trout aggregated at spawning sites was assessed in fall, 2002, using
multipanel multifilament gillnets set for 1.5 hr between dawn and noon. Each net consisted of
four 30.5 m panels of mulitfilament mesh, 1.6 m high, set on the bottom; panels were 11.4, 12.7,
14, and 15.2 cm stretch mesh. Gill nets were fished on one to three days at two sites in Lake
Champlain, three sites in Lake Michigan, and four sites in Lake Huron (Table 2). All lake trout
captured were measured for total length, and sex and reproductive status were assessed by

expressing gametes. All fish in good condition were released.

Divers made observations during the spawning season at all sites where egg bags were buried
and at sites where fall diver reconnaissance was done. These observations provided a qualitative
evaluation of the presence and relative density of lake trout. Divers made estimates of the
number of lake trout seen within an approximate time interval during these dives; while these
estimates are not highly quantitative or replicable, they do provide an estimate of the differences

in density among sites.

Spawning assessment
To determine whether reefs were used by spawning lake trout, we used two types of egg
sampling equipment in the fall of 2000, 2002, and 2003. Egg traps and nets were 20 cm

diameter passive egg collectors deployed from the surface in gangs of 30 collectors 1 m apart on



a buoyed, anchored line (Horns et al. 1989, Marsden et al. 1991). These collectors were
deployed in late October or early November and checked approximately every 5-10 days. The
trap/net gangs provided data on presence or absence of eggs and relative egg deposition per
collector per day (e.g., Schreiner et al. 1995). Egg bags were 45.7-cm deep cloth bags
constructed of 3-mm Ace mesh attached to a 29.8 cm diameter PVC ring (Perkins and Krueger
1994). The bags were set into a hole dug by a diver into cobble substrate, and were filled with
the excavated material. Thirty to 60 egg bags were deployed in early fall before the initiation of
spawning activity, and retrieved after spawning had mostly or completely ended; the bags
therefore provided cumulative, quantitative data on the density of eggs deposited per unit of
substrate. The bags were set approximately 1 m apart in lines along the contour on each reef, in
areas with the deepest interstitial spaces. Bags were retrieved by carefully removing substrate to
ensure that eggs remained in the bags; the bag was then tied closed with a cable tie before
transport to the surface. In 2000 we sampled eggs using trap/net gangs in Lake Champlain, and

egg bags in Lake Michigan; we used egg bags in all three lakes in 2001 and 2002.

Bags were generally set along the edge of each reef, at the top of a slope. To test the assumption
that this is the area where lake trout focus spawning effort, we set 15 egg bags across the contour
at Whallon Bay, Lake Champlain, from 2.3 to 10 m depth, in 2002. This line of bags crossed the

center of the line of bags set along the contour.

Egg survival and fry hatch
Survival of eggs over the winter was assessed using fine-mesh (1.5 mm) egg bags that would

retain hatched fry. Egg bags were deployed in early fall as described above. The bags were
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closed with a 1.5 mm mesh, close-fitting cover at the end of the spawning season, and retrieved
in spring as soon as ice thaw allowed access to the reefs (mid to late April). The bags were
retrieved by leaving the cover on and substrate inside to ensure that hatched fry did not escape.
Presence of any holes in the bags or covers that may have allowed escape of fry was noted as
they were processed; if large holes were present, the bag contents were not included in the data
analysis. Overwinter egg bags were used at two to found sites in each lake in 2001-2002; they

were also used at two sites in Lake Champlain in 2002-03.

Fry densities on the reefs were also assessed in spring using two designs of emergent fry traps.
Both designs consisted of a pyramid of metal mesh, open at the bottom, with a capture bottle at
the top. The capture bottle had an inverted funnel set into the opening, so that fry which
emerged from substrate beneath the trap and entered the bottle would be unlikely to escape.
Emergent fry traps described by Collins (1975), and modified by Marsden et al. (1988), were
deployed with buoyed lines from the surface, and were checked by lifting them to the surface. A
second design had a 6 cm ledge with a 6 cm rim around the outside edge, into which rocks could
be placed to anchor the trap to the substrate. These traps were checked by divers, who would
remove and replace the capture bottles and check each bottle for fry at the surface. Both types of
traps were deployed as early in the season as ice thaw allowed, and were checked for fry every 7-
16 days until no more fry were captured. Diver traps were set approximately 1 m apart in lines
along the reef contour, in a similar position to the egg bags; we attempted to place the surface fry
traps in the same location, but there was variation in their location from set to set. Fry traps were
used at two to four sites in each lake, and were deployed in lakes Champlain and Michigan in

2001, and in all three lakes in 2002 and 2003.
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Results
Spawning site surveys
In Parry Sound and Lake Michigan, all sites surveyed had rounded cobble/rubble substrates,
primarily limestone. Silt and organic material were absent or present in small quantities (Table
1). Natural sites surveyed in Lake Champlain were characterized by rounded or angular
cobble/rubble substrate, or bedrock (Table 1). Fine silts were not present above a depth of 22 m
except at Allen Hill, which was thickly coated with fines; at sites where surveys extended below
22 m we found thick (> 2 cm) deposits of silt that filled interstitial spaces. Ten of the fifteen
sites in Lake Champlain and one site surveyed in Lake Michigan were man-made (breakwalls,
mine tailings, water intake lines covered with rip-rap, and a ruined pier), with angular rubble-
cobble substrates. These areas were generally in shallow water (< 7 m). The three deeper sites
in Lake Champlain (Willsboro Bay, Ore Den Bay, Iron Bay) were located below steep shorelines
and were comprised of rubble that had slipped into the water from mine tailings and railroad bed

construction. At each of these sites, thick silt was found below 22 m.

Eggs were collected at all five sites surveyed in Parry Sound, nine of 15 sites sampled in Lake
Champlain, and six of ten sites in Lake Michigan. Reefs where we found evidence of spawning
generally had cobble/rubble substrate with interstitial spaces at least 20 cm deep, with a steep
slope and absence of fines (Table 1). Only two sites were classified as poor spawning sites, both
in Lake Champlain. These sites were primarily bedrock with no interstices; a single egg was

collected on one of these sites (Shelburne Bay).



Adult lake trout assessment

Gillnet surveys on two to four reefs per lake collected 1.3 lake trout/hr in Lake Champlain and
0.16 lake trout/hr in Parry Sound (Table 2). No lake trout were caught during 11.6 hr of
gillnetting in Lake Michigan, an effort intermediate between the other two lakes. Other species
caught in the gillnets were lake whitefish and smallmouth bass, species which have preferences

for rocky substrates similar to lake trout.

An alternate method for assessing relative lake trout abundance at spawning reefs is via
observations of adult lake trout. We observed lake trout occasionally at Whallon Bay while
diving (less than two sightings per hour); in addition, lake trout were seen and heard leaping at
the surface during most visits to the sight, though this behavior was most frequently noted at
night. Lake trout were observed from the surface near the spawning substrate at Arnold Bay in
low numbers (less than 5 sightings per hour). Lake trout were always seen in extremely high
numbers at Grand Isle during dives in the spawning season. The lake trout were aggregated
toward the end of the breakwall, and were usually seen in dense, horizontal columns of fish
approximately 5-7 fish wide and extending over 30 m; divers estimated that several hundred fish
were present at the site. Spawning was observed and videotaped at the site; as many as 10% of
the lake trout were carrying sea lamprey. Leaping at the surface was occasionally seen at Grand
Isle. Lake trout were not observed at any other site in Lake Champlain. In Lake Michigan, lake
trout were only seen in low numbers at the LTB crib. Lake trout were never observed at the
Parry Sound sites; this is particularly puzzling, as the sites were very limited in area, and the

divers traversed the entire area of available spawning substrate during their work each day.
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Spawning assessment

CPUE and numbers of eggs collected per square meter varied substantially among reefs within
each lake, among years at each reef, and also among lakes (Table 3). Across all sampling years,
egg densities were the lowest in Lake Michigan (0.4 — 154.5 eggs/m®), intermediate in Parry
Sound (39 — 1,027 eggs/m?), and highest overall in Lake Champlain but with higher variation
among sites (0.001 — 9,623 eggs/m?; Table 3). Some of the variation among sites may be
explained by the location of the sampling equipment; small variations in trap or bag location may
have substantial effects on catch. However, this does not entirely explain variance among years;
for example, bags were buried in almost identical locations at the sites in Parry Sound in 2001
and 2002, because the small size of the reefs limited the possible positions of the bags. Egg
collections increased over 5-fold at Davy Is. (from 186 to 1,027 eggs/m?), but decreased at Horse
Is. and Mowat Is.. Similarly, bag locations at Grand Isle in Lake Champlain were similar
between sampling years, but egg collections decreased from 9,623 eggs/m” in 2001 to 3,183
eggs/m” in 2002. In 2001, a windrow of eggs estimated to contain millions of eggs was observed
at the base of the breakwall, but no eggs were seen at the base of the reef in 2002 (Ellrott and

Marsden in press).

The line of bags set across the contour at Whallon Bay, Lake Champlain, collected 709 eggs; the
bags at either end of the line had few (< 15 per bag) or no eggs, whereas the bags in the center of
the line, at the edge of the reef slope, contained the most eggs (45 to 243 eggs per bag.
Collections of eggs in egg traps and nets provided data on when eggs were being deposited in
Lake Champlain (Table 3). The last date on which egg traps and nets were retrieved with eggs in

then was between late November and mid-December. Egg bags were retrieved each year
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between mid-November and early December; thus, we may not have collected eggs deposited
late in the spawning season. This would reduce the total count of eggs, but likely does not affect

the relative estimates of egg deposition among reefs.

Egg survival and fry hatch

Lake trout fry hatch measured as number of fry collected per fry trap per day was highest in Lake
Champlain (0.08 — 3.6), and lower in Parry Sound (0.005 — 0.06); no fry were collected in fry
traps in Lake Michigan (Table 4). Because the diver-deployed traps remained in place
throughout the emergence period, catches may represent the number of fry emerging from a
given area, in which case the number of fry per trap can be compared to the egg density in fall to
calculate the proportion of eggs that hatched. The number of fry emerging per 100 eggs was
0.12 to 6.8 in Parry Sound in 2002 and 2003, and 11.7 to 14.5 in Lake Champlain in 2003.
However, fry move laterally within the substrate prior to emergence (Marsden, unpublished
data), so that a given trap likely collects fry from an area greater than that covered by the trap. In
egg bags that were covered and left in the substrate overwinter, the number of hatched fry
compared with egg density estimated in bags removed in fall was lowest in Lake Champlain (0.4
— 1.1%), and similar in Lake Michigan (7.6%) and Parry Sound (2.3 — 8.9%) in 2001-02 (Table
5). Hatching was likely severely underestimated in Grand Isle, Lake Champlain, in 2001-02 due
to the large number of eggs deposited in the bags; several bags were retrieved with masses of
fungus resulting from infection of the closely-packed eggs. In 2002-03, when egg deposition

was lower on Grand Isle, an estimated 18.2% of the eggs hatched.
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Discussion

Progress towards lake trout restoration, evaluated by the appearance of wild year classes in
assessment samples, is most highly advanced in Lake Huron, virtually absent in Lake Michigan,
and unknown in Lake Champlain. Adult spawning stock size in northern Lake Michigan and in
Lake Champlain is marginal for restoration, using stock-size criteria developed by Selgeby et al.
(1995; Jonas unpublished data, Ellrott and Marsden in press). Additional potential impediments
to restoration in Lake Michigan include predation of early life stages (eggs and fry) by exotic
species such as alewife (4/osa pseudoharengus), round goby (Neogobius melanostomus) and
rusty crayfish (Orconectes rusticus). In Lake Champlain, these exotic predators are absent, but
sea lamprey wounding rates are extremely high, such that the amount of energy allocated to
spawning may be compromised. Using Parry Sound as a model of conditions that were adequate
for restoration, we examined progress toward lake trout restoration in lakes Michigan and
Champlain by comparing spawning habitat availability, use by spawners, egg densities, and fry

hatch.

In all three lakes, spawning reef availability and spawning habitat quality were high. The
number of reefs visited by lake trout, numbers of adult lake trout colleted and observed, and the
number of eggs and fry collected at each site were all greatest in Lake Champlain, intermediate

in Parry Sound, and lowest in Lake Michigan.

Among all three lakes there was no obvious difference in substrate size, substrate cleanliness,

reef contour, or reef size between sites where we found evidence of spawning, and sites where no
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eggs or fry were collected. Sites were readily found in all three lakes that appeared to meet
criteria for good lake trout spawning sites, as evaluated by the accumulated experience of the
investigators (e.g., Fitzsimons 1994, 1995, 1996, Marsden 1994, Marsden et al. 1991, 1995a and
b). In general, however, sites in Lake Michigan had higher levels of periphyton, lower water
clarity, and more interstitial egg predators than in Lake Champlain; predator levels in Parry
Sound were intermediate between the other two lakes, water clarity was greater, and the substrate
was cleaner. More artificial sites than natural sites (3 versus 6) were used by spawning lake
trout in Lake Champlain, whereas only one of the six sites where eggs were found in Lake
Michigan was man-made. No artificial sites were sampled in Parry Sound. The high proportion
of man-made spawning sites used in Lake Champlain may in part be an artifact of the small size
of the lake, and our focus on areas where cobble was readily observed; many areas of the

shoreline have been altered by human activity, resulting in highly visible areas of cobble.

Observations of adult lake trout at sites in fall have been suggested as a criterion to evaluate use
of spawning sites, given that lake trout aggregate in order to spawn (e.g., Marsden and Janssen
1997). Lake trout have been observed by divers and remotely operated videos at reefs in lakes
Michigan, Huron, and Ontario and the observations have been quantified at rates from 0.2 to 2
lake trout seen per minute during the day (Marsden and Janssen 1997). Adult lake trout were not
observed in Parry Sound, and were seen in low numbers at one site in Lake Michigan and two
sites in Lake Champlain. We observed extraordinary numbers of adult lake trout on several
occasions at one site (Grand Is.) in Lake Champlain. These fish were not sampled in our

daytime gillnet sets, likely because the nets were highly visible in daylight. Gillnet collections
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also reflect the difference in density of adults in each lake; the most adults were collected in

Lake Champlain, and none were found with comparable effort in Lake Michigan (Table 2).

The highest spawning activity, evaluated by densities of eggs and fry, occurred at the smallest
sites in lakes Champlain and Michigan (Tables 1, 3). It is possible that the smaller sites
concentrated spawning activity, making detection of eggs more likely. The extreme spawning
density noted at the Grand Isle site in Lake Champlain may be due to adult lake trout attraction
the proximity of hatchery effluent where lake trout are reared, approximately 200 m from the
breakwall (Ellrott and Marsden in press). In each lake the largest sites surveyed also yielded
catches of eggs and fry. Spawning may have occurred at additional sites, and our sampling effort
was too either small to detect eggs or was in the wrong place on a particular reef. However,
given that we focused our efforts on the best substrate we could find at each site, spawning
activity was probably very minor if we collected no eggs or fry. The distribution of egg
collections in the cross-contour line of egg bags at Whallon Bay, Lake Champlain confirmed that
we were generally setting egg bags in the optimum location, i.e., at the edge of the downward

slope on each reef.

Egg density data and egg survival in Lake Champlain and Parry Sound are comparable to or
greater than those measured in the other Great Lakes, whereas egg and fry densities in Lake
Michigan are lower. Mean egg density has been measured at 122-518 eggs/m” in Lake Superior
(Peck 1986), and 700 — 4,290 eggs/m” in Lake Ontario (Perkins and Krueger 1995); the range
we measured was 118 — 9,623 eggs/m” in Lake Champlain, 39 — 1,027 eggs/m” in Parry Sound,

and 0.4 — 154.5 in Lake Michigan.



Fry collections in egg bags were highest in Lake Champlain, and similar in Lake Michigan and
Parry Sound; fry were collected on both reefs sampled in Lake Champlain, two of three sampled
in Parry Sound, and one of four sampled in Lake Michigan. Fry traps yielded similar results —
high fry density and CPUE in Lake Champlain, lower catches in Parry Sound, and no fry from
Lake Michigan. Mean hatch data from egg bags were compromised in Lake Champlain due to
the density of eggs in the bags. In 2003, when egg densities were lower, there was a striking
difference in fry hatch (fry per 100 eggs) at the two sites in Lake Champlain (18.2 at Grand Isle
versus 1.8 at Whallon Bay). Estimates of fry hatch were similar between fry traps and egg bags:
6.8 and 8.9, respectively, at Davy Is., and 0.8 and 2.3 at Bar Is. in 2002, 14.5 and 18.2,
respectively, at Grand Is. in Lake Champlain. However, fry traps at Whallon Bay in Lake
Champlain collected a considerably higher number of fry, relative to eggs caught at the site (11.7
fry per 100 eggs) than egg bags (1.8 fry per 100 eggs). These estimates of egg survival were
similar to mean egg survival to mid-April measured in egg bags in Lake Ontario ranged from

12.4 — 16.5% (Perkins and Krueger 1995).

Our results suggest that, if we use Parry Sound as a benchmark for successful restoration of trout,
then there is insufficient use of spawning reefs, insufficient spawner density, and egg densities
are too low to support recruitment of lake trout in northern Lake Michigan. Lake trout
assessment data indicate that adult stocks are too low in northern Lake Michigan for restoration
to occur. Stocking rates may be too low in the northern lake to build sufficiently large adult
populations, or mortality may be too high. Exploitation by sport and tribal fisheries is still high,

and in recent years mortality due to sea lamprey has increased substantially, presumably due to
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sea lamprey reproduction in the St. Mary’s River. In contrast to Lake Michigan, spawning reef
use, adult densities, egg densities, and fry hatch are high enough, or considerably higher, in Lake
Champlain than is needed to support recruitment. The proportion of unclipped lake trout in the
adult population in Lake Champlain is low, with the apparent exception of one year class (Ellrott
and Marsden in press). Previous work on lake trout restoration has focused on bottlenecks to
survival during the stages between egg deposition and emergence. Data from Lake Champlain
suggest that there are sources of high mortality beyond fry emergence; these sources of mortality
may also be present in other lakes. Further research in Lake Champlain and other lakes that also
lack exotic species as a source of post-emergent mortality may further our understanding of lake

trout recruitment failure in the Great Lakes.
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Table 1. Spawning habitat on potential lake trout spawning reefs in lakes Champlain, Michigan, and Huron (Parry Sound). Site ratings are based on cleanliness of

Mean Interstitial Longest Zebra
Depth Approx. substrate size  depth Presence fetch (km)  mussel
Site range (m) area (m’)"  Slope”  Substrate type  (range) incm  (cm)° of silt’ density® Rating
Lake Champlain
Grand Isle breakwall 0.3-4 570 35-60°  angular rubble/ 13-99 15-86 low high excellent
cobble
North of Burlington 0-3.5 250 30-50° cobble 15-80 >20 low low very good
Burlington breakwall 0.3-8.0 500 30-50°  angular rubble/ 15-80 >20 low low very good
(north) cobble
Burlington breakwall 0.3-8.0 450 30-50°  angular rubble/ 15-80 >20 low low very good
(south) cobble
Shelburne Point 0.3-4 bedrock = - <10 low low poor
Allen Hill 0.3-8 4,000 45-65°  angular rubble/ 15-35 10 high moderate moderate
cobble
Willsboro Bay 0.3-18  —emee- 0-45°  angular cobble/ 40-300 >20 low high
boulder
Saxton Cove 2.6-5.0 320 10-60°  angular rubble/ 10-60 10-30 moderate high excellent
cobble
Cannon Point 0340 - 70° cobble 30-80 5-15 moderate moderate  very good
Whallon Bay 0.3-14 64,372 20-85°  rounded rubble/ 17-106 4-29 low moderate excellent
cobble/ boulder
Thompson’s Point I-10 e 65° bedrock = - <10 low moderate poor
Iron Bay 0.3-20 800 0-30° angular cobble 10-152 20-100 low high excellent
Ore Den Bay 0.3-20 1000 0-10° angular cobble 30-90 10-30 low high excellent
Button Bay 1-4 200 - angular cobble ~ --------e- - low high very good
Arnold Bay 1-7 189 60° angular rubble/ 10-60 20 moderate high excellent

cobble
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Mean Interstitial Longest Zebra
Depth Approx. substrate size  depth Presence of fetch (km) mussel
Site range (m) area (m>)*  Slope” Substrate type  (range) incm  (cm)* silt! density Rating
Lake Michigan
Bay Harbor 1-9 11,235 25-50° rounded 1.7-3,900 30-45 low 104 high very good
rubble/cobble (NW
306°)
Dahlia Shoal 3.5-7 142,010 40-50 rounded 203.1 >100 low 82 high excellent
rubble/cobble (2.9-1,057) (SW 2359
Fishermans Island 1.5-4 195,390 30-45 rounded 2423 >100 low 119 high excellent
rubble/cobble (2.8-1,305) (W 278°%
Gull Island Shoal 1-7 7,600,000 15-30 rounded 59.0 >100 low 185 high excellent
rubble/cobble (1.6-581) (SW 2329
Hog Island Reef 2-5 60,493 30-45 rounded 64.9 >100 low 104 high excellent
rubble/cobble (6.5-457) (SSW
199°)
Ingals Point 1-1.5 650 50-60 rounded 479.9 20-30 moderate 26 high moderate
rubble/cobble (82-2,929) (NE 42°)
Leland 1-2 825 50-60 rounded 280.3 20 moderate 96 high moderate
rubble/cobble (18-955) (W 276°
LTB Crib 1.5-3.5 100 35-45 rounded 364.3 >100 low 22 high excellent
rubble/cobble (25-1,913) (SW 259°)
Middle Ground 7-10 245,900 40-50 rounded 451.7 45 low 69 high good
rubble/cobble (54-3,640) (NW
3229
Richards Reef 8-12 1,242,313 20-30 rounded 494.9 >100 low 70 high excellent
rubble/cobble  (130-1,118) (W 282°)
Parry Sound
Davy 1.5 30 30-40 rounded 13.9+0.9 >30 low 1.1 moderate excellent
cobble
Bar Is. 1.5 30 30-40 rounded 15.1+0.8 > 30 low 2.4 moderate excellent
cobble
Horse Is. 1.6 30 30-40 rounded 12.3+0.6 > 30 low 0.7 moderate excellent
cobble
Mowat Is. 1.8 30 25-30 rounded 13.0£0.7 >30 low 3.5 moderate moderate
cobble
Mary Is. 0.9 30 20-30 rounded 13.8+0.7 >30 low 6.5 moderate moderate

cobble
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* Area extrapolated from a combination of actual measurements of reef dimensions and visual estimations.

® A slope of 0°is vertical; 90° is horizontal.

¢ Measured vertically using a rigid ruler; interstices may extend below these depths.

4Silt was classified as low if it was barely visible, moderate if there was a thin coating of silt on hard substrates, and high if there was
a> lcm coating of silt on hard substrates

¢ zebra mussel density was classified as low if mussels were scattered on the substrate, moderate if there was a monolayer of mussels, and high if there were
dense, multi-layer colonies that occluded interstitial spaces.
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Table 2. Gillnet sampling for adult lake trout in lakes Champlain, Huron, and Michigan, 2002.
All nets were set between 0730 and 1200 EST. M = male, F = female, U = unknown sex; ND =
no data, fish fell out of net before capture. LAW = lake whitefish, SMB = smallmouth bass, SL

= sea lamprey.

Lake trout
Lake/Site Date Depth (m)  (TL in mm, sex) Other fish
Lake Champlain
Grand Isle 12 Nov 3-11.6 1 (668M) 5LAW
3-7 4 (720F, 580M, 697M, 605U) 2 LAW,2SL
Grand Isle 13 Nov 3-52 3 (752U, 673M, 592M) 1 LAW
Whallon Bay 14 Nov 1.5-36.9 0 2 SMB
Whallon Bay 14 Nov 2-18 2 (655F, ND) 4 SMB
Total effort = 7.5 hr
Total CPUE = 1.3 lake trout/hour
Lake Michigan
Fishermans Island 17 Oct 6-8 0 0
Fishermans Island 21 Oct 10-16 0 0
Gull Island Reef 24 Oct 15-18 0 0
Gull Island Reef 25 Oct 21-23 0 0
Gull Island Reef 05 Nov 20-22 0 0
Richards Reef 24 Oct 30-38 0 0
Richards Reef 25 Oct 26-30 0 0
Richards Reef 05 Nov 24-32 0 0
Total effort=11.6 hr
Total CPUE = 0 lake trout
Parry Sound
Davy Is. 22 Nov 2-18 0 0
23 Nov 2-18 0 0
24 Nov 2-18 0 0
Mowat Is. 22 Nov 4-13 0 334
23 Nov 2-25 0 0
24 Nov 2-23 1 (681 M) 0
Bar Is. 22 Nov 2-10 0 0
23 Nov 2-10 1 (661 F) 0
24 Nov 2-11 0 0
Horse Is. 22 Nov 2-21 1 (572 U) 316 (3)
23 Nov 2-22 0 91, 334
24 Nov 2-22 0 0

Total effort =18 hr

Total CPUE = 0.16 lake trout/hr
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Table 3, Lake trout egg collections in Lake Champlain, Parry Sound, and Lake Michigan, 2000-
2002. Eggs were collected in arrays of 15 egg nets and 15 fry traps (“traps™) or in egg bags
buried in the substrate. At Ore Den Bay eggs were collected with a suction sampler mounted on
a remotely operated vehicle. Collections in egg traps and nets are reported as mean number of
eggs per net or trap per day; collections from egg bags are reported as mean number of eggs per

m” + SD.
Location and year Collection # Sampling dates CPUE or #
gear collectors  (dates of collections)” #eggs  eggs/m2
2000
Lake Champlain
Grand Isle breakwall  traps 30 7 Nov- 8 Dec 3,799  4.08°
(13 Nov- 8 Dec)
Cannon Point traps 30 14 Nov- 29 Nov 0 O
Whallon Bay traps 30 2 Nov- 4 Dec 1 0.002+0.03
(14 Nov- 28 Nov)
Button Bay traps 30 4 Nov- 11 Dec 10  0.02+0.21
(19 Nov- 11 Dec)
Arnold Bay traps 30 3 Nov- 11 Dec 85 0.12+0.33
Lake Michigan
Bay Harbor bags 59 29 Nov 4 095+3.6
Dahlia bags 59 29 Nov 0 0
Fishermens Is. bags 46 29 Nov 0 0
GTB New Mission bags 30 27 Nov 0 0
Hog Is. bags 60 2 Dec 0 0
Ingals Point bags 30 Nov 27 2 094+3.6
LC Hemingway bags 30 28 Nov 0 0
LC Stoney Pt bags 29 28 Nov 0 0
LTB crib bags 33 13 Nov 362 154.5+2559
Middle Ground bags 60 14 Dec 0 0
2001
Lake Champlain
Grand Isle breakwall  bags 59 27 Nov 39,593  9,623+1,658
Burlington breakwall  bags 15 3 Dec 0 0
(north)
Burlington breakwall  bags 15 29 Nov 0 O
(south)
Shelburne Point traps 30 23 Oct- 29 Nov 1 0.001+0.03
(30 Oct- 29 Nov)
Willsboro Bay bags 19 5 Dec 0 O
Allen Hill bags 15 29 Nov 0 O
Saxton Cove bags 15 30 Nov 116  118+59
Cannon Point bags 15 4 Dec 0 O
Whallon Bay bags 60 4 Dec 2,728 652+ 158



Thompson’s Point
Iron Bay
Arnold Bay

Parry Sound
Davy Is
Bar Is.
Horse Is.
Mowat Is.
Mary Is.

Lake Michigan
Bay Harbor deep
Bay Harbor shallow
Bay Harbor
Dahlia Reef
Fishermen's Island
Gull Island Shoal
Hog Is.
Ingals Point
LTB crib

2002

Lake Champlain
Grand Isle
Whallon Bay

Parry Sound
Davy Is.
Horse Is.
Mowat. Is
Bar Is.

Lake Michigan
Bay Harbor
Dahlia
Fishermen's Island
Gull Is. shoal-east
Gull Is. shoal-west
Hog Is.

Ingals Point
Leeland

LTB crib
Middle Ground
Richards Reef

traps
bags
bags

bags
bags
bags
bags
bags

bags
bags
bags
bags
bags
bags
bags
bags
bags

bags
bags

bags
bags
bags
bags

bags
bags
bags
bags
bags
bags
bags
bags
bags
bags
bags

30
15
15

29
29
29
29
24

60
42
37
47
84
49
50
70
30

60
45

60
59
60
60

137
58
58
57
54
59
60
48
60
57
59

8 Nov-13 Nov
4 Dec
30 Nov

14 Nov
14 Nov
14 Nov
14 Nov
14 Nov

09 Nov
13 Nov
21 Nov

26 Nov
11 Dec

19 Nov

26 Nov
25 Nov

26 Nov
26 Nov

1/19

26 Nov

0
2
949

377
775
563
577

67

107

16,037
1,033

4,297
776
783

3,975

(8]
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0
1.9+1.3
972 + 289

186+224
5194411
278+258
284+362
39146

0
0.67+4.3
6.1+14.3
0
5.9£15.9
1.7£5.5

0

0.4+£3.4
50.2+53.8

3,832+3,571.1
342.8+£872.5

1,027+1,052
189+228.6
187+271.5
950+990.8

54439

5.5+£73.5

SO R ODODDODODODO OO H
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“Egg bags were all deployed in late summer prior to the onset of spawning; only retrieval dates
are given.

PEggs from nets and traps were not tallied separately on this date, so the SE could not be
calculated.
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Table 4. Lake trout fry collections in fry traps in Lake Champlain and Parry Sound, 2001-2003.
Fry were collected in three designs of emergent fry traps: steel traps checked by divers (diver),
and steel traps or soft traps checked by lifting to the surface (surface). Fry/m”was calculated as
total number of fry divided by the total area under all the traps at a given site. CPUE = number
of fry collected per trap-day. Number of fry per 100 eggs was calculated from quantitative
estimates of eggs (from fall egg bags — Table 1) divided into quantitative estimates of fry (from
diver traps) x 100. Surface fry traps did not yield quantitative estimates of fry per unit area.

Trap # # Eggs/  Fry/

Site type Deployed  Traps  Fry  Fry/m’ CPUE m® 100 eggs
2001
Lake Champlain
Grand Isle surface 4/16-6/16 10 173 225.4 0.33 --- ---
Whallon Bay surface 4/20-6/13 19 148 63.0 0.14 - -
Ore den Bay surface 5/3-6/19 10 0 0.0 0.00 - -
Arnold Bay  surface 5/2-5/4 10 594  228.5 2.38 - -
Lake Michigan

LTB crib diver  4/5-6/5 16 0 0 0 0 0

Bay Harbor diver 4/5-6/5 24 0 0 0 0 0
2002
Lake Champlain
Grand Isle surface 4/5-6/6 12 237  105.0 0.32 — -
Saxton Cove surface 4/26-6/3 7 0 0 0 - e
Whallon Bay surface 4/10-6/4 20 89 31.0 0.08 — -
Arnold Bay  surface 4/26-5/28 6 249  170.2 1.73 — -
Parry Sound
Davy Is. diver  4/16-6/18 8 25 9.3 0.05 136 6.8
Bar Is. diver  4/16-6/18 8 11 1 0.02 519 0.8
Horse Is. diver 4/16-6/18 8 3 0.006 277 04
Mowat Is. diver  4/16-6/18 8 0 0 219 0.0
Lake Michigan
LTB crib diver  4/10-6/10 16 0 0 0 0 0
Bay Harbor  diver  4/10-6/10 24 0 0 0 0 0
Fishermans Is. diver 4/10-6/10 24 0 0 0 0 O
2003
Lake Champlain
Whallon Bay diver  4/22-6/19 13 152 2979 0.29 1,299 11.7
Grand Is. diver  4/22-6/12 12 463  907.5 1.10 3,183 145
Grand Is. surface 4/23-6/12 7 176~ 704.0 0.74 - -



Arnold Bay  surface 4/30-6/4
Saxton Cove surface 4/29-6/10

Parry Sound

Davy Is. diver
Bar Is. diver
Horse Is. diver
Mowat Is. diver
Lake Michigan

Fishermans Is. diver

4/25-6/11
4/25-6/11
4/25-6/11
4/25-6/11

4/17-5/15

10
10

14
14
14
14

12

4 16.4
1,008 4,032.0
37 8.0

5 1.2

3 0.6

5 1.1

0 0

0.02
3.60

0.06

0.008
0.005
0.005

1,017
941
187
171

0.79
0.12
0.32
0.63
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Table 5. Lake trout fry collections in egg bags retrieved in spring from Lake Champlain and
Parry Sound, 2001-02 and 2002-03. No egg bags were left overwinter in Lake Michigan.
Number of fry per 100 eggs was calculated from quantitative estimates of eggs (from fall egg
bags — Table 1) divided into the mean fry/m? x 100.

Mean Mean
Site # bags Dates deployed # Fry fry/m’ % hatch
2001-02
Lake Champlain
Grand Isle 29 10/10 - 4/1 3,006 107 £ 98 1.1
Whallon Bay 26 8/21,9/6 - 4/11 72 2.8+£8.0 0.4
Parry Sound
Davy Is 25 9/4-5 - 4/16 23 12426.9 8.9
Bar Is. 27 9/4-5 - 4/16 22 12432.0 23
Mary Is. 14 9/4-5 - 4/16 0 0 0
Lake Michigan
LC - Hemingway 25 9/13 —4/19 0 0 0
LC - Stoney Point 27 9/13 —4/19 0 0 0
LTB Crib 30 9/20 - 4/16 22 12425.6 7.6
Bay Harbor 24 9/20 - 4/11 0 0 0
2002-03
Lake Champlain
Grand Isle 29 8/27 - 4/25 1,013 581 + 85 18.2

Whallon Bay 27 9/9 - 4/22 44 23£12.6 1.8
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Introduction —

Results from evaluations of current research suggest that excessive mortality occurring
between the time of spawning in the fall and the first year of life is likely the reason for
the recognized lack of recruitment in lake trout populations in most of the Great Lakes.
For significant natural reproduction to occur at a spawning reef and be measurable,
sufficient numbers of males and females must congregate in the fall and deposit a
sufficient number of fertilized eggs. Hatched fish must then develop over winter into
successfully emergent fry. A range of adult abundance was measured at historic sites in
northeastern Lake Michigan in the early 1990s (Dawson et al. 1997). Some sites were
considered to have adequate numbers of adult spawners, based on a comparison with self-
sustaining stocks in Lake Superior (Selgeby et al. 1995). However, it has not been
determined whether significant spawning is occurring at these same sites. Lake trout
populations in Parry Sound are relatively abundant and adult fish are known to deposit
significant numbers of eggs on spawning reefs. The Parry Sound region has been
declared a successful lake trout rehabilitation effort and as a result, supplemental stocking
in the region has been discontinued (Reid et al. 2001). Lake Champlain also has
abundant populations of spawning lake trout, though recruitment is considered to be low.
Evaluation of spawning success at sites located in northern Lake Michigan, Parry Sound
and Lake Champlain provide an opportunity to identify potential bottlenecks and

establish their relative importance.

In addition to evaluations of adult abundance and egg deposition rates it is important to

understand the dynamics of egg and fry predators. Predation on early life-stages has been



a persistent but relatively unstudied concern that may be related to the lack of natural
reproduction by lake trout in the Great Lakes. At the RESTORE conference it was
concluded that biotic effects, like predation, should be considered a potential constraint to
lake trout rehabilitation (Jones et al. 1995). The problem may be of increasing
importance due to the recent addition of gobies and rusty crayfish to spawning reef fauna
in Lake Michigan that already included native egg predators such as sculpins and

crayfish.

The potential effect of interstitial predators is strongly dependent on the density of
naturally deposited eggs and the density of predators. The goals of our study were to (1)
determine the density of naturally deposited eggs on several spawning reefs in Lakes
Michigan, Parry Sound, and Champlain, (2) determine the density and species
composition of interstitial predators on several spawning reefs in Lakes Michigan, Parry
Sound, and Champlain, and (3) compare egg and predator densities to determine
minimum egg deposition rates that will lead to successful emergence of fry in the spring

given variable predator densities.

Methods —

Three regions of the Great Lakes were evaluated to determine lake trout egg deposition
rates and the abundance of interstitial predators. Regions were selected based on their
unique qualities in regard to progress toward lake trout restoration. Lake Michigan
represented the worst case scenario; with low egg deposition rates, high predator

abundances (both native and non-native), and no remnant stocks of lake trout. Parry



Sound in Lake Huron represented the best case, high egg deposition rates, intermediate
levels of native predators, remnant stocks of naturally reproducing lake trout, and
abundant spawning lake trout in the population (Reid 2001). The intermediate location
was Lake Champlain, where egg deposition rates were high, predators were mainly native
species and of intermediate abundance. There were no remnant stocks of lake trout, and
only 5 to 10 percent of the adult lake trout sampled in Lake Champlain are naturally

produced and not stocked (Ellrott and Marsden in press).

Within a given region, spawning sites were identified based on reconnaissance diving
surveys to evaluate habitat, past experience with evaluations of lake trout egg deposition,
and current knowledge of sites known to attract spawning lake trout in the fall. In Parry
Sound, a total of five sites were identified based on the above criteria. These included
Davy, Bar, Mowat, Horse, and Mary Islands. Perry Sound is the region that we had the
greatest knowledge of lake trout spawning sites, based on previous investigations
(Fitzsimons; Reid et al. 2001). In Lake Champlain, six sites were identified, these
included Grand Isle, Arnold Bay, Saxon Cove, Iron Bay, Whallon Bay, and the Coast
Guard. Less information was available regarding spawning behaviors in Lake Champlain
when compared with Lake Huron or Lake Michigan. Sites in Lake Huron and Lake
Champlain were all near shore locations. In Lake Michigan, nine sites were identified.
Because a significant portion of lake trout spawning habitat in northern Lake Michigan is
offshore, we chose to evaluate five off shore sites and three near shore sites. The
offshore sites include Dahlia Shoal, Middle Ground, Hog Island Reef, Gull Island Shoal

and Richards Reef. The near shore locations included Little Traverse Bay-North, Little



Traverse Bay-South (Bay Harbor), Fisherman’s Island, and Ingalls Point (Grand Traverse

Bay).

Diving surveys were used to further identify habitat within sites. Divers would survey an
entire reef looking for areas with substrate, slope, and depth characteristics appropriate
for attracting spawning lake trout (Fitzsimons 1994; Marsden et al. 1995). When specific
locations were identified within a reef structure, a 100-m transect was established to
record interstitial depth, slope, percent periphyton, zebra mussel coverage, and

observations of interstitial predators.

To evaluate the amount of egg deposition at a given location, we buried nets using
standard methods (Perkins and Krueger 1994, 1995; Fitzsimons 1995). Prior to the
spawning season, sixty individually numbered egg collection nets were buried at each
location. The nets were placed in pairs along either side of a 30-m-long marked line at 1-
m intervals. The nets were positioned at the top of the drop-off at each location. Each
net was constructed of a 0.5-m-deep cloth bag (3-mm mesh) attached to a PVC ring
(0.35-m diameter or 0.96-m” in area). Divers deployed nets by excavating a hole 40-50

cm deep, placing the net in the hole, and back filling with the removed substrate.

Nets were retrieved after the spawning season (typically late November early December).
To retrieve nets, divers would carefully remove the substrate from the inside of the net

while preventing interstitial predators from escaping. After the substrate was removed



the net would be twisted at the top and sealed with a cable tie. Any eggs or predators

would remain in the net bag.

The recovered nets were then brought to the lab in water. The contents of each net bag
would be evaluated in a clear glass pan placed on a light table. All eggs were counted
and preserved in Stockard’s solution to determine stage of development. Interstitial
predators were identified, counted, weighed (g) and measured (mm). Total lengths were
recorded for all fish species and carapace lengths were recorded for all crayfish species.
All predators were preserved in ethanol, and later dissected to determine whether the diet

included lake trout or other fish eggs.

For each site we estimated the average number of eggs per net and the variance. To
estimate the number of eggs per square meter, we multiplied the average number of eggs

per net by an adjustment factor of 14.085 that is based on the surface area of the egg nets.

For each site we estimated the total number of predators that were large enough to prey
on lake trout eggs. For crayfish the length was greater than 19 mm carapace length and
only sculpin and gobies greater than 42 mm were used (citations?). We estimated the
number of crayfish and sculpin at each location. In each case we multiplied the number
of predators per net by an adjustment factor of 14.085 to obtain the number per square
meter. For a given region we report the density and percent species (native crayfish,

exotic crayfish, sculpin, and other) of interstitial predators.



The mean and standard error of the number of eggs and predators were estimated for each
site and region. Data did not meet assumptions of normality or homogeneity of variance.
Analysis of variance (ANOV A) was used to test for differences in egg density and
predator densities among sites and between regions. ANOVA is justified based on the
underlying distribution of the data is likely normal. The ratio of eggs per predator was
calculated and compared for sites that were found to have emerging fry in the spring

(indication of success), and those that had none.

Results —

The density of eggs after lake trout have completed the spawning run in Lake Champlain
was different between sites (ANOVA, df=9, P=0.000) and highest among the regions
evaluated averaging 2,354+319 eggs per M> (ANOVA, df=6, P=0.000). Eggs were
collected at six of the ten sites evaluated in Lake Champlain (Table 1). The Grand Isle
location had the greatest number of eggs deposited of all sites at 6,584+676 eggs per M.
Other locations were variable but lower in egg density ranging from 2 to 891 eggs per
M?. Site differences in the egg density were also apparent among the five sites evaluated
in Parry Sound (ANOVA, df=4, P=0.000). Sites in Parry Sound were less variable and in
general lower in egg density (455+36 eggs per M?) than those observed in Lake
Champlain (Table 1). The highest egg densities occurred at Bar and Davy Islands
averaging 700 to 800 eggs per M?, the other three Parry Sound locations had egg
densities of less than 200 eggs per M”. Sites in Lake Michigan had significantly fewer

egg deposited than in either Lake Champlain or Parry Sound. A man-made crib located



in northern Little Traverse Bay provided the highest egg density estimates at 76 eggs per

M?. Densities at all other locations were estimated at less than 3 eggs per M” (Table 1).

The density of interstitial predators varied between sites within regions and among
regions. Lake Champlain and Parry Sound contained the lowest predator densities
averaging 6=1 predators per M* (Table 1). Within Lake Champlain we observed 7 native
interstitial predator species; 6 fish and 1 crayfish. The Grand Isle and Arnold Bay
locations had the greatest number of predators averaging 11 predators per M? Itis
interesting to note that the two sites with the highest egg densities (Grand Isle and Arnold
Bay) were also sites with the highest predator densities (Table 1). In Parry Sound we
observed 9 native predator species; 5 fish and 4 crayfish. Mowatt Island had the highest
predator densities at 8<1 predators per M>. An inverse relationship was observed
between egg and predator density in this system, the greater the density of predators the
lower the density of eggs (Table 1). Lake Michigan contained the highest predator
densities observed averaging 15 predators per M? ranging from a low of 7 to a high of 31.
We observed 9 native and 2 exotic predator species (1 fish and 1 crayfish) in Lake
Michigan. Of the native predators, seven were species of fish, three were crayfish, and

an occasional mudpuppy was observed.

The predator species observed in each region can be summarized in the following
categories, native crayfish, O. rusticus (exotic), sculpin, round goby (exotic), and other.
When viewed in this way, it is apparent that sculpin are the major players in Lake

Champlain, while native crayfish dominate in Parry Sound, Grand Traverse Bay and



Offshore in Lake Michigan. The Leeland location in Lake Michigan is dominated by
native crayfish and the “other” category. A large number of longnose dace were
observed at this location and account for the majority of the “other” category. The
nearshore zone in northeastern Lake Michigan is now dominated by exotic predators such
as the round goby and rusty crayfish. As a consequence, numbers of native crayfish and

sculpin are declining in this region.

When compared among regions, reefs with the highest egg deposition and lowest
predator abundance are best for overwintering lake trout eggs to emergence. In order to
better understand the interactions between egg and predator abundance levels, we
calculated a ratio of the number of eggs per predator and compared these values for sites
that had successful emergence of lake trout fry in the spring and those that did not. The
lowest level at which fry emergence was observed was at 24 lake trout eggs per predator,
and the highest ratio recorded at sites without emergence was around 10 eggs per
predator. Therefore we conclude that successful egg densities relate to the abundance of
predators at a given location. Further, the number of eggs deposited per predator should
be greater than 24 to ensure success to emergence, though the actual threshold lies

somewhere between 10 and 24 eggs per predator (Table 1).

Discussion —
Egg deposition rates are relatively high in Parry Sound and Lake Champlain, yet barely
detectable in Lake Michigan. The densities of predators were relatively low in these

systems when compared to Lake Michigan. The composition of interstitial predator



species varied among the regions evaluated. In Lake Champlain predators were mainly
sculpin, while in Parry Sound the primary predators were native crayfish species. In
Lake Michigan on the other hand, offshore and Grand Traverse Bay predator
communities were similar to Parry Sound and dominated by native crayfish. The
nearshore zone presented a much different picture than all other locations, as it was
dominated by two recently introduced exotic species, the rusty crayfish and the round
goby. Exotic species provide a unique challenge to rehabilitation efforts in that their
interactions within the community are poorly understood.

The influence of predation on lake trout eggs and its affect on recruitment to the fry stage
is not clear. An understanding of the interstitial predator densities in conjunction with
lake trout egg deposition rates is essential to evaluating this influence. We have observed
that lake trout must deposit eggs at a rate between 10 and 34 eggs per predator in a square
meter area. The target density of eggs per predator is based on initial egg deposition
minus the affect of predation in the first three weeks after deposition. The results of this
investigation could be used to determine target densities of eggs deposited in a given

location, through establishing target adult spawning biomass.
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Table 1. Comparison of lake trout egg deposition rates, abundance of predators of viable
length, and ratios of eggs to predators among sites and among regions. A'Y in the fry

column indicates that fry emergence was measured from the site in the spring.

Total Egg to
Eggs per predators predator
Site M’+SE per M*+SE ratio Fry?
Parry Sound 455436 6=+1 82 Y
Bar Island 808+91 4+1 222 Y
Davy Island 724+100 5+1 147 Y
Horse Island 214425 6+1 38 Y
Mary Island 3049 7£2 4
Mowatt Island 185+29 8+1 24 Y
Lake Champlain 2,354+319 6+1 384 Y
Allen Hill 0+0 5+2 -
Arnold Bay 891+284 114+2 79 Y
Burlington Breakwall 0+0 2+1 -
Cannon Point 0+0 8+2 -
Coast Guard 4+4 642 1
Grand Isle  6,584+676 11+£1 591 Y
Iron Bay 2+1 3+2 1
Saxon Cove 109+58 2+2 58 Y
Whallon Bay 680+143 2+1 276 Y
Willsboro Bay 0+0 7£2 -
Lake Michigan
Onshore 20+4 14+1 1
Bay Harbor-Deep (9 m) 0+0 2342 -
Bay Harbor-Shallow (3 m) 1+£1 7£2 <1
Bay Harbor (1-2 m) 3+1 10+1 <1
Fishermans Island 3+1 8+1 <1
LTB-Crib 7614 22+1 4
GTB
GTB-Ingalls Point 0.4+0.2 2642 <1
Leeland
Leeland 0+0 16+2 -
Offshore 0.2+0.1 14+1 <1
Hog Island 0+0 11+£1 -
Gull Island Shoal 1+1 27+1 <1
Dahlia Shoal 0+0 9+1 -
Middle Ground 0+0 13+1 -

Richards Reef 0+0 10+1 -




Figure 1. Proportion of predator species within each of the six regions identified. Native

Crayfish include observations of O. propinqus, O. virilis, O. limosus, and Cambarus. The

other category includes smallmouth bass, largemouth bass, longnose dace, common white

suckers, longnose suckers, banded killifish, Johnny darters, log perch, rock bass,

bluntnose minnows and mudpuppies.
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