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MANAGEMENT BRIEF

Progress Toward Lake Trout Rehabilitation at a Stocked and
Unstocked Reef in Southern Lake Michigan

Kristen A. Patterson* and Jeffrey A. Stein
Illinois Natural History Survey, 1816 South Oak Street, Champaign, Illinois 61820, USA

Steven R. Robillard
Illinois Department of Natural Resources, 9511 Harrison Street, Des Plaines, Illinois 60016, USA

Abstract
Sustained efforts to restore naturally reproducing populations

through the stocking of marked juvenile Lake Trout Salvelinus
namaycush have occurred since the 1960s but have been largely
unsuccessful in achieving that goal. Julian’s Reef in southwestern
Lake Michigan has been a targeted Lake Trout rehabilitation site
since 1985 and was designated a first-priority site in a revised
management strategy for Lake Trout rehabilitation in 2011. We
evaluated progress toward rehabilitation objectives for spawning
Lake Trout at Julian’s Reef and compared that progress to
unstocked Waukegan Reef nearby in light of a recent increase
to approximately 50% unmarked adults at both sites, as detected
by annual fall spawning assessments. We observed significant
progress toward meeting the rehabilitation objectives for adult
Lake Trout in southern Lake Michigan. The spawning popula-
tions at Julian’s Reef and Waukegan Reef did not differ in
relative abundance, sex ratio, age structure, or spawner sources
(stocking location; clipped or unclipped) except that the sex ratio
at Waukegan Reef during the assessment period favored female
spawners. These results suggest that the adult Lake Trout popu-
lation is strong enough to permit natural recruitment in southern
Lake Michigan, warranting the need to identify the source of
natural reproduction so as to fully evaluate factors related to
rehabilitation success. We propose that management agencies
should consider investigating other unstocked sites where Lake
Trout may be spawning and should revise their rehabilitation
plans to include actions that could limit detrimental impacts on
naturally reproducing populations where they exist.

The Lake Trout Salvelinus namaycush is the top native
predator in Lake Michigan and supported sustained commer-
cial and recreational fisheries until overfishing and high mor-
tality induced by the prolific Sea Lamprey Petromyzon

marinus resulted in Lake Trout extirpation from the lake by
the 1950s (Wells and McLain 1972; Holey et al. 1995). The
Great Lakes Fishery Commission (GLFC) initiated a Sea
Lamprey control program that successfully reduced the num-
ber of Sea Lampreys in Lake Michigan by the early 1960s,
allowing for consideration of Lake Trout restoration efforts
(Smith and Tibbles 1980; Lavis et al. 2003). After the success-
ful reductions in Sea Lampreys (and thus lower predation
risk), a lakewide Lake Trout stocking program began in
1965, encompassing the annual stocking of approximately 2
million yearlings in mostly shoreline habitats. Rehabilitation
also included an evaluation component, including annual
assessments of Sea Lamprey control and stocking efficacy
(Holey et al. 1995). Early efforts at Lake Trout rehabilitation
via the lakewide stocking program were met with limited
success; therefore, fisheries managers adopted the “Lakewide
Management Plan” in 1985 and its successor, “A Fisheries
Management Implementation Strategy for the Rehabilitation
of Lake Trout in Lake Michigan” (hereafter referred to as “the
Implementation Strategy”), in 2011 (see Dexter el al. 2011).

Beginning in 1985, stocking occurred primarily at deep,
offshore reefs that were thought to be historical spawning sites
in the Northern Refuge (NR) and Midlake Refuge (MLR) of
Lake Michigan; these first-priority sites are closed to all forms
of fishing (LMLTTC 1985). Since 1981, stocking has occurred
at Julian’s Reef, the only first-priority site located within the
southernmost management units of Lake Michigan (Figure 1);
Julian’s Reef is the site where the last indigenous juvenile
Lake Trout were observed in Lake Michigan during 1959
(Holm et al. 1987). As a historic commercial Lake Trout
fishing site and a known spawning ground in the Illinois
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waters of southern Lake Michigan, Julian’s Reef was closed to
commercial fishing in 1985, but recreational harvest has con-
tinued to the present day. Waukegan Reef, which is located
approximately 15 km east of Waukegan, Illinois, was not
identified as a site for Lake Trout rehabilitation and does not
receive annual stocking, but it did historically contribute to the
commercial Lake Trout fishery (Coberly and Horrall 1982).

Lake Trout rehabilitation at first-priority stocking sites is lar-
gely measured via standardized gill-net surveys, which are
conducted each fall to assess spawning population status and
to evaluate progress toward the rehabilitation objectives of the
Implementation Strategy. These fall spawning assessments
have been conducted by the Illinois Department of Natural
Resources (IDNR) at both Julian’s Reef and Waukegan

FIGURE 1. Map of Lake Michigan, with lakewide management zones (MM = Michigan management zone; WM = Wisconsin management zone), locations of
the Northern Refuge and Midlake Refuge, and the general locations of reefs in the Illinois management zone. The 5-m bathymetric contours (adapted from
Redman et al. 2012) and gill-net set locations (solid circles) for Waukegan Reef (northwest in inset) and Julian’s Reef (southeast in inset). Three net-set locations
directly north of the Julian’s Reef label are included as part of the Waukegan Reef sets.
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Reef since 1997. The assessments provide a long-term, fish-
eries-independent data set by which estimates of Lake Trout
relative abundance, size structure, age structure, and sex ratio
can be compared to the rehabilitation goals set forth in the
Implementation Strategy. Regardless of the stocking location
or priority, each Lake Trout that is stocked into Lake Michigan
receives some form of a fin clip, either a lakewide clip (6-year
rotation) or an adipose clip (coded wire tag [CWT]), to dis-
tinguish it as a hatchery fish. Additionally, a U.S. Fish and
Wildlife Service program to mark all hatchery-stocked Lake
Trout in the Great Lakes with CWTs was initiated in 2011 and
enables managers to determine the hatchery origin and stock-
ing location of adults as well as the extent to which naturally
reproduced Lake Trout survive to the adult stage.

The overall rehabilitation goal in Lake Michigan is to create a
self-sustaining Lake Trout population (Eshenroder et al. 1995).
The rehabilitation objectives for spawning Lake Trout at first-
priority sites are to (1) attain a minimum CPUE of over 50 adult
fish·305 m of net–1·d–1 in fall spawning assessments; (2) achieve
spawning populations that are at least 25% female; and
(3) achieve spawning populations that contain 10 or more age-
groups older than age 7 (Dexter et al. 2011). The Implementation
Strategy also establishes rehabilitation goals for egg deposition
and age-0 Lake Trout abundance, although sampling for these
life stages is not conducted at all first-priority sites. Whether
intentional or not, the Implementation Strategy provides no gui-
dance for when rehabilitation can be declared successful at the
site scale, lake region scale, or whole-lake scale.

Despite a sustained emphasis on stocking as a strategy for
successful Lake Trout restoration, lakewide management goals
to build the spawning population to support self-sustaining
Lake Trout populations have not been achieved. Based on
recent fall spawning assessments of Lake Trout in Lake
Michigan, catch rates remain highest at the deepwater offshore
reefs of the MLR and Julian’s Reef, whereas consistently poor
catch rates (peak of 8 fish·305 m of net–1·d–1 in 2014) are
observed at the NR’s shallower reef system (LMLTWG 2015).
Evidence of natural reproduction by Lake Trout (i.e., the
presence of unclipped juveniles) throughout Lake Michigan
has been limited until recently. In 2010 and 2012, unclipped
juvenile (<500 mm TL) Lake Trout comprised 14–20% of the
Lake Trout bycatch in winter gill-net surveys for Bloaters
Coregonus hoyi, which were conducted along the northern
and central portions of Lake Michigan’s western shore
(Hanson et al. 2013). Because rates of unclipped adult Lake
Trout have increased significantly since 2012 (IDNR, unpub-
lished data) and because the offshore reefs in southern Lake
Michigan currently support some of the strongest populations
of spawning Lake Trout, it is possible that the current rehabi-
litation goals have been met to support natural reproduction in
this area. Our objectives for this management brief are to
provide an update on the status of the spawning Lake Trout
population in southwestern Lake Michigan during 1999–2014,
note the progress toward the rehabilitation objectives of the

Implementation Strategy, and compare this progress to that at
nearby Waukegan Reef, which is unstocked and minimally
managed. To accomplish these objectives, we (1) characterize
historical rehabilitation efforts at Julian’s Reef by reviewing
Lake Trout stocking records; (2) evaluate the current status of
rehabilitation objectives at two reefs in Illinois waters (Julian’s
Reef and Waukegan Reef); and (3) compare Lake Trout popu-
lation characteristics between the two reefs to assess the
effects of localized stocking on rehabilitation.

METHODS

Study Sites
Julian’s Reef.—Julian’s Reef, located 23 km east of Fort

Sheridan, Illinois, spans approximately 2.6 km2 and ranges in
depth from 26 to 56 m (Figure 1). Julian’s Reef is
characterized by substantial bathymetric changes across the
reef, with the crest located in the central portion. Habitat
characterization of Julian’s Reef and the surrounding area by
using side-scan sonar indicated that the substrate is dominated
by fractured bedrock and sand with patchy dunes and that
there are smaller areas of striped sand and massive bedrock
(Redman et al. 2012). Substrate types that are suitable for
Lake Trout spawning (i.e., complex patterns of boulder–
cobble piles, fractured debris, and boulder–cobble lag
deposits) accounted for a small proportion (<1%) of habitat
surveyed at the reef (Redman et al. 2012).

Waukegan Reef.—The Waukegan Reef area is located
approximately 15 km offshore of Waukegan, Illinois, and 15 km
northwest of Julian’s Reef (Figure 1). This offshore area consists
of a large (~5.2 km2) reef (Waukegan Reef) and multiple smaller
reefs within 3 km to the south. Due to similarities in habitat and
fall water temperatures (IDNR, unpublished data), data
representing all net sets from this area were pooled and are
hereafter collectively referred to as “Waukegan Reef” data.
Waukegan Reef is 37 m deep at its shallowest portion on the
western side, and it has relatively gently sloping bathymetry to its
deepest water depth of 54 m in the northeastern portion (Coberly
and Horrall 1982). The area aroundWaukegan Reef is dominated
by sand, massive bedrock, and fractured bedrock. Similar to
Julian’s Reef, substrate that is deemed suitable for Lake Trout
spawning constituted a small proportion (<1%) of the habitat
surveyed (Redman et al. 2012).

Fall Spawning Assessments
Multifilament nylon-mesh gill nets were fished at Julian’s and

Waukegan reefs between October 12 and November 9 of each
year from 1999 to 2014, except in 2000 (when neither reef was
sampled) and 2005 (when only Waukegan Reef was sampled;
Table 1). Each 244-m-long gill net consisted of eight panels (30.5
× 1.83 m) with stretched-measure mesh sizes ranging from 11.4
to 15.3 cm, graded in 1.3-cm increments. Gill nets were set at two
sites that corresponded to the top of the reef, sloping reef edges,
or the bottom edges, and the nets were fished for approximately
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24 h. We considered fish that were captured in the gill nets to be
representative of the spawning population at each reef. On one
occasion in 2011, weather conditions precluded the retrieval of
two nets after 24 h such that the nets were fished for an additional
day. Surface and bottom temperatures at each net location were
recorded by using a digital thermometer with a thermistor probe
(Kahl 202WA510 PIT).

Lake Trout were removed from the net, measured for TL
(nearest 5 mm), and weighed (nearest 50 g). This methodology
provides an adequate level of precision for agency reporting of
adult Lake Trout measurements collected under variable field
conditions. Sex and maturity were assigned by visual exam-
ination of the gonads in accordance with Madenjian et al.
(1998). All fin clips were recorded; any Lake Trout with
adipose fin clips (indicating the presence of a CWT) had
their heads removed and individually bagged and frozen for
later tag extraction. In the laboratory, the Lake Trout heads
were thawed and CWTs were extracted and decoded, provid-
ing the stocking date and location from which ages and origins
were obtained for data analyses.

Data Analysis
To characterize the spawning Lake Trout populations cap-

tured at the two reefs, we reviewed stocking records and
analyzed the relative abundance of adult Lake Trout as well
as the sex ratio and age structure. Metrics were compared to
the objectives of the Implementation Strategy to evaluate
progress toward Lake Trout rehabilitation. To assess spawner
relative abundance, we calculated CPUE as the number of fish
per 305 m of gill net per day, which is the standard unit of

measure used by Lake Michigan management agencies. Mean
annual relative abundance was calculated by using the mean
CPUE per net set at each reef within each year and was
compared between sites. Trends in CPUE over time at each
location were assessed via linear regression over the 14-year
survey period. Due to an obvious disparity between CPUEs
during 1999–2004 and 2006–2014 at Waukegan Reef, we
analyzed the data from the two time periods separately by
using linear regression and compared the CPUEs via t-test.

The spawner sex ratio was calculated annually as the pro-
portion of adult female Lake Trout at each reef, and temporal
changes were determined by linear regression. Due to differ-
ences in spawner sex ratio between the two reefs, we used
ANCOVA to test the effect of bottom temperature on the
spawner sex ratio, and we used a t-test to examine for differ-
ences in age among females. Additionally, a chi-square test
was conducted to determine the effect of stocking location on
the observed differences in the spawner sex ratio at each reef.

For all Lake Trout collected during the study period, mean
age and the number of age-classes above age 7 were analyzed
and compared between Julian’s Reef and Waukegan Reef. The
change in the number of age-classes over time was assessed
with linear regression independently for each reef.

Although it is not a rehabilitation objective, we also sought
to identify the origin of the spawning Lake Trout at the two
reefs and assess whether there were any differences in spaw-
ner origin between the reefs. The proportion of fish from each
stocking location and the proportion of unmarked adults were
calculated for each reef and each year. Analysis of similarity
(ANOSIM; in the statistical package PRIMER) was performed
using a Bray–Curtis dissimilarity matrix on raw counts to
determine differences in spawner origin between reefs and
across years. To assess the presence of naturally reproduced
fish in the spawning populations, we calculated the proportion
of gill-net-captured fish that were unmarked (i.e., bore no fin
clips). Proportions of unmarked fish were compared between
sites, and changes in this proportion over time at each site
were evaluated by linear regression.

Data from 2000 and 2005 and the single 2-d net set in 2011
were excluded from all analyses because sampling methods
were not comparable in those years. In addition, all immature
Lake Trout or individuals for which maturity was not assessed
were excluded from the analyses, as we did not consider these
fish to be part of the spawning population. All proportional
data were arcsine transformed prior to analysis; nonparametric
tests were used in cases where analytical assumptions were not
met. Unless otherwise noted above, paired t-tests were used to
determine differences between reef complexes.

RESULTS

Lake Trout Stocking Records
Lake Trout stocking in Illinois waters began in 1967 at

various nearshore and offshore locations before shifting to

TABLE 1. Number of net sets and number of Lake Trout captured at Julian’s
Reef and Waukegan Reef, Lake Michigan, during fall spawning assessments
between October 12 and November 9, 1999–2014.

Julian’s Reef Waukegan Reef

Year
Number of
net sets

Number of
fish

Number of
net sets

Number of
fish

1999 4 179 2 140
2001 2 85 3 204
2002 2 113 2 172
2003 3 180 3 260
2004 3 178 3 240
2006 3 212 6 115
2007 4 190 4 62
2008 3 190 5 193
2009 3 178 4 101
2010 4 238 4 196
2011 4 111 2 23
2012 4 241 4 243
2013 4 264 4 171
2014 4 288 4 73
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Julian’s Reef, where approximately 100,000 yearlings were
stocked annually between 1981 and 1994 (Table 2). The num-
ber of yearlings stocked was reduced to 60,000 fish during
1995–2006, when U.S. Fish and Wildlife Service (USFWS)
hatcheries transitioned to raising fewer, larger fish; the number
stocked then doubled to 120,000 fish in 2008 and later years as
hatchery capacities had increased. Fall fingerling Lake Trout, in
addition to yearlings, were stocked in 1982, 1985, 1986, and
1988; no Lake Trout were stocked on Julian’s Reef in 1990,
2000, or 2007 (Table 2). Supplemental stocking occurred in
Illinois waters at other sites on five occasions (1987, 1989,
1990, 1992, and 1997) after Julian’s Reef was designated a
primary rehabilitation zone. Waukegan Reef was stocked for

three consecutive years in the late 1970s, and more recently (in
1997) was stocked only once with 60,000 yearling Lake Trout
in conjunction with the Julian’s Reef stocking effort.

Abundance of Lake Trout
The annual mean CPUE (±SE) of adult Lake Trout at Julian’s

Reef was 71 ± 25 fish·305 m of net–1·d–1 between 1999 and
2014; was lowest in 2011 (35 fish·305 m of net–1·d–1); and
peaked in 2014 (90 fish·305 m of net–1·d–1; Figure 2). There
was no discernible trend in CPUE at Julian’s Reef from 1999 to
2014 (linear regression: R2 = 0.09, P = 0.43). Annual mean
CPUE at Waukegan Reef was 60 ± 13 fish·305 m of net–1·d–1

for the same time period; the CPUE peaked in 2003 (108 fish·305
m of net–1·d–1) and exhibited its lowest level in 2011 (11 fish·305
m of net–1·d–1). Annual mean CPUE at Waukegan Reef declined
from 1999 to 2014 (linear regression: R2 = 0.32, P = 0.02) but did
not significantly differ from the annual mean at Julian’s Reef (t =
1.85, df = 13, P = 0.09). Over the study period, the annual mean
CPUE exceeded the rehabilitation objective (>50 adults·305m of
net–1·d–1) during 13 of 14 years at Julian’s Reef but during only 8
of 14 years at Waukegan Reef. Annual mean CPUE (±SE) at
Waukegan Reef was significantly higher (t = 6.77, df = 12,
P < 0.001) in the years prior to 2005 (98 ± 4.9 fish·305 m
of net–1·d–1) than in the years after 2005 (39 ± 7.6 fish·305 m
of net–1·d–1). Separate analysis of these two time periods
revealed a fundamental change in Lake Trout relative abundance
at Waukegan Reef in approximately 2005, as confirmed by the
lack of significant change in CPUEwith a stable regression slope
of zero during both the pre-2005 period (linear regression: R2 =
0.49, P = 0.18) and the post-2005 period (R2 = 0.05, P = 0.54).

TABLE 2. Number of stocked Lake Trout of each life stage (yearlings or fall
fingerlings) at Julian’s Reef in the Illinois waters of Lake Michigan since
stocking began in 1981.

Year Yearling Fall fingerling

1981 124,000 0
1982 151,800 52,000
1983 166,400 0
1984 100,000 0
1985 184,814 193,727
1986 100,000 202,000
1987 101,950 0
1988 137,548 29,000
1989 103,000 0
1990 0 0
1991 101,000 0
1992 100,000 0
1993 96,000 0
1994 96,700 0
1995 59,600 0
1996 60,900 0
1997 60,000 0
1998 60,000 0
1999 64,000 0
2000 0 0
2001 59,240 0
2002 61,024 0
2003 60,770 0
2004 60,300 0
2005 62,832 0
2006 67,849 0
2007 0 0
2008 126,631 0
2009 118,160 0
2010 120,166 0
2011 122,058 0
2012 125,692 0
2013 124,021 0
2014 120,000 0
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FIGURE 2. Mean (±SE) Lake Trout CPUE (fish·305 m of net–1·d–1) at
Julian’s Reef (solid circle, solid line, and uncapped error bars) and
Waukegan Reef (open circle, dashed line, and capped error bars), Lake
Michigan, in fall spawning assessments between October 12 and November
9, 1999–2014. The dashed horizontal line represents the rehabilitation objec-
tive of 50 fish·305 m of net–1·d–1 for first-priority reefs (Dexter et al. 2011).
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Population Characteristics
The mean spawner sex ratio (±SE) for Lake Trout captured

at Julian’s Reef was 21.0 ± 1.3% female (range = 11.7–27.8%
female), whereas the mean spawner sex ratio at Waukegan
Reef was 31.9 ± 1.6% female (range = 22.3–40.6% female)
between 1999 and 2014. A mixed-model ANCOVA with reef
as a fixed factor and bottom temperature as a covariate indi-
cated that the spawner sex ratio was significantly higher at
Waukegan Reef than at Julian’s Reef (F = 6.67; df = 1, 95; P =
0.01) and that temperature was not a significant predictor of
the spawner sex ratio at these sites (F = 3.66; df = 1, 95; P =
0.06). Mean bottom water temperatures (±SE) at the time of
each sample were significantly lower (t = 4.40, df = 96, P <
0.001) at Waukegan Reef (7.2 ± 0.3°C) than at Julian’s Reef
(9.4 ± 0.4 °C). Mean age (±SE) of females at Julian’s Reef
(10.4 ± 0.2 years; n = 223) was not significantly different (t =
0.97, df = 518, P = 0.33) from the age of females at Waukegan
Reef (10.7 ± 0.2 years; n = 297). During the study period,
females that were collected at Waukegan Reef consisted of
fish that were originally stocked at Julian’s Reef (32.9%),
MLR (64.7%), NR (1.4%), and other locations (1.0%).
Females that were collected at Julian’s Reef were originally
stocked at Julian’s Reef (36.8%), MLR (60.4%), NR (0.9%),
Lake Huron (1.4%), and other locations (0.5%). There was no
significant difference (chi-square test: χ2 = 15.0, df = 12, P =
0.24) between reefs with respect to the composition of stock-
ing locations for marked females. The spawning population at

Julian’s Reef met the rehabilitation objective (≥25% female)
in only 4 years of the study (1999, 2002, 2003, and 2011),
whereas females represented over 25% of the catch at
Waukegan Reef in 10 of 14 years (Figure 3). There was no
trend in spawner sex ratio at Julian’s Reef (linear regression:
R2 < 0.01, P = 0.99) or Waukegan Reef (R2 = 0.01, P = 0.32)
during the study period.

The mean (±SE) age of coded-wire-tagged Lake Trout that
were sampled at Julian’s Reef (10.3 ± 0.1 years; n = 961) did
not significantly differ from that observed at Waukegan Reef
(10.3 ± 0.1 years; n = 843), as indicated by a Welch’s t-test
(t = 0.98, df =1,910, P = 0.92). At Julian’s Reef, three to eight
age-classes older than age 7 were present during 1999–2004
and in 2011 (Figure 4). The rehabilitation objective of achiev-
ing spawning populations that contained 10 or more age-
groups older than age 7 was met between 2006 and 2014
(excluding 2011), when 10–14 age-classes older than age 7
were present at Julian’s Reef; the oldest fish were age 28. The
number of age-classes increased over the sampling period at
Julian’s Reef (linear regression: R2 = 0.70, P < 0.0001). At
Waukegan Reef, 10–14 age-classes older than age 7 were also
observed but only in 6 of the 14 years (Figure 4). Maximum
age at Waukegan Reef was 25 years, and there was no sig-
nificant trend in the number of age-classes older than age 7
(linear regression: R2 = 0.23, P = 0.08). The number of age-
classes older than age 7 did not differ between the two reefs
(t = 0.23, df = 13, P = 0.82).
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spawning assessments between October 12 and November 9, 1999–2014. The dashed horizontal line represents the rehabilitation objective of at least 25%
female Lake Trout for first-priority reefs (Dexter et al. 2011).
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The origins of spawning Lake Trout were similar between
Julian’s Reef and Waukegan Reef (ANOSIM: R = –0.029, P =
0.71), but over the study period, both reefs changed signifi-
cantly in the composition of stocking locations represented
among the spawners (ANOSIM: R = 0.478, P < 0.001). In 6
of 11 years, the specific stocking locations of most fish at the
reefs could not be determined because those fish had a lake-
wide fin clip, which was used at multiple stocking locations
throughout the lake. Lakewide-stocked fish made up the great-
est proportion of spawning adults between 1999–2006 and in
2011 both reefs, comprising 39–60% of the total catch
(Figure 5). Based on the proportion of all Lake Trout (mean
± SE) with known stocking locations (n = 1,804), fish that
originated from MLR stocking events (22.2 ± 3.2%) were
found in higher proportions than fish that originated from
stocking at Julian’s Reef (14.3 ± 2.7%) in 10 of the 14
years. The MLR-stocked Lake Trout constituted approxi-
mately one-third of the fish caught at Julian’s Reef and
Waukegan Reef during 2001–2008, but the annual percentage
of MLR-stocked fish declined to a low of about 6% during the
last 2 years. Similarly, Lake Trout that were stocked at Julian’s
Reef represented between 24% and 34% of the spawning
population during 2007–2010, but their contribution decreased
substantially to a low of 5.5% by 2014. Small numbers of fish

from NR (maximum = 2.1%) and Lake Huron (maximum =
0.5%) stocking events were sampled; NR-stocked fish were
present in 10 of the years sampled, and Lake Huron-stocked
fish were present in 5 of the years sampled. Beginning in
2012, unmarked Lake Trout became the dominant contributor
(range = 53–55%) to the spawning populations at both reefs.
Across all study years, 20.3% of the spawner population
consisted of unmarked Lake Trout. The proportion of putative
wild fish that were present in the catch was initially low but
increased significantly (linear regression: R2 = 0.76, P <
0.001) to 55.4% by 2014 (Figure 5).

DISCUSSION
Lake Michigan fishery management agencies have estab-

lished specific, measurable metrics for abundance, sex ratio,
and age structure in spawning populations of adult Lake Trout
and egg and age-0 density objectives by which progress
toward Lake Trout rehabilitation at first-priority sites can be
ascertained. We found progress toward the rehabilitation
objectives of the Implementation Strategy for spawning Lake
Trout at two southern Lake Michigan reefs. Additionally, by
comparing survey data between stocked and unstocked off-
shore reefs, we note that Lake Trout locate and use reefs that
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FIGURE 4. Number of Lake Trout age-classes greater than age 7 at Julian’s Reef (solid bars) and Waukegan Reef (open bars), Lake Michigan, and mean age
(years; ±SE) at Julian’s Reef (solid circle and solid line) and Waukegan Reef (open circle and dashed line) during fall assessment surveys conducted between
October 12 and November 9, 1999–2014. The dashed horizontal line represents the rehabilitation objective of 10 age-classes greater than age 7 for first-priority
reefs (Dexter et al. 2011).
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managers may have not identified as first-priority sites due to
the presence of limited suitable spawning habitat based on
previous studies. These non-priority sites may be overlooked
by fishery managers, potentially leading to underestimation of
natural Lake Trout reproduction and a failure to detect attain-
ment of rehabilitation objectives.

Self-sustaining populations of Lake Trout may be achieved
in the Great Lakes at spawner densities of 17 fish·305 m of
net–1·d–1, provided that only limited mortality of eggs and fry
occurs (Selgeby et al. 1995). Lake Michigan fishery manage-
ment agencies, however, adopted a CPUE of 50 fish·305 m of
net–1·d–1 for first-priority spawning reefs based on recommen-
dations from Bronte et al. (2008). This target was surpassed in

every year except 2011 at Julian’s Reef and in a majority of
years at Waukegan Reef, which exceeded the target with
70–117% greater catches prior to 2005. These high catch
rates occurred with only a single small (60,000) stocking
event at Waukegan Reef in the past 30+ years. Even greater
catch rates have been reported in the MLR, where numbers of
stocked Lake Trout are five times higher than those at Julian’s
Reef (LMLTWG 2015), but evidence of Lake Trout natural
recruitment at this location has been limited. The most intense
stocking effort has recently focused on the northern part of
Lake Michigan, yet the lowest CPUEs for spawning adult
Lake Trout occur in the NR (LMLTWG 2015). The relative
abundance of spawning Lake Trout in southern Lake Michigan

FIGURE 5. Origin of Lake Trout sampled at Julian’s Reef (top panel) and Waukegan Reef (bottom panel), Lake Michigan, in fall assessment surveys between
October 12 and November 9, 1999–2014 (NC = fish with no fin clip present; LW clips = fish with fin clips used at multiple stocking sites; MLR = represents fish
that were originally stocked on the Midlake Refuge; Julian’s = fish that were originally stocked on Julian’s Reef; Lake Trout of “other” origin = those originally
stocked on the Northern Refuge, Lake Huron, emergency plants, lost coded-wire tags, and shoreline stockings that were not included in lakewide clip stocking
events).
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has been higher, on average, than the rehabilitation target set
for Lake Michigan and higher than catch rates within the
range of reported CPUEs associated with successful natural
reproduction (Selgeby et al. 1995). Therefore, Lake Trout in
southern Lake Michigan have the potential to successfully
produce progeny with respect to observed spawner CPUEs
on these two reefs, as observed spawner densities exceed the
rehabilitation target minimum rates. Continued monitoring is
required to provide a definitive characterization of the sustain-
ability of recovery.

In Lake Michigan, the rehabilitation objective for a spaw-
ner sex ratio of at least 25% female Lake Trout in fall spawn-
ing assessments (Dexter et al. 2011) has been met lakewide
most years between 1998 and 2014 (LMLTWG 2015). We
found that the spawner sex ratio for Lake Trout in southern
Lake Michigan has exceeded this target in a majority of years,
but we also propose that the target of at least 25% female Lake
Trout should be considered by fishery managers in the context
of spawning population abundance (i.e., CPUE). A sufficient
number of females to support a spawning population may be
present when catch rates are sufficiently high even if female
Lake Trout represented less than 25% of the total catch. A
better understanding of the relationship between relative abun-
dance of the spawning population and a minimally sustainable
sex ratio would improve assessment of rehabilitation metrics.

The increasing mean age and number of age-classes older
than age 7 that we observed indicate that the potential for
natural recruitment is continuing to improve in southern Lake
Michigan. A maturing age structure for Lake Trout popula-
tions targeted for rehabilitation should have positive effects on
natural reproduction and recruitment, as fecundity is positively
correlated with age and size in Lake Trout (Schramm 1993;
Trippel 1993). The increasing mean age we observed coupled
with increased CPUE also may indicate decreasing adult
mortality.

The composition of spawning Lake Trout at Julian’s Reef
and Waukegan Reef is unique in Lake Michigan. Distinctive to
both of these sites is a high proportion (>50%) of unmarked
Lake Trout recently caught in IDNR fall spawning assess-
ments. Madenjian et al. (2004) considered an unclipped fin
rate in excess of 5% to indicate some degree of natural
recruitment to the adult population, and adult fish of natural
origin have been consistently caught above this threshold in
fall spawning assessments in Illinois waters since 2008.
Increases in wild Lake Trout similar to those observed in
southern Lake Michigan were also reported in Lake Huron,
where populations began to recover in the early to mid-2000s
(Riley et al. 2007; He et al. 2012). In addition, recruitment
success of Lake Trout in Lake Huron coincided with the
collapse of the Alewife Alosa pseudoharengus population in
the early 2000s (Fitzsimons et al. 2010). Early mortality
syndrome, also known as thiamine deficiency complex, typi-
cally occurs in developing fry and can be caused by adult Lake
Trout diets that contain a high proportion of Alewives (Fisher

et al. 1996; Tillitt et al. 2005). Alewife abundance in Lake
Michigan has been at record-low levels since 2005 (Madenjian
et al. 2014), suggesting that reduced Alewife abundance may
be driving the recent increase in unmarked adult fish in Illinois
waters of Lake Michigan. These recent increases in wild Lake
Trout abundance in southern Lake Michigan may be signaling
the beginning of a Lake Trout recovery.

Recent assessments reveal low proportions (typically < 3%
annually) of unmarked adult Lake Trout in the NR (Madenjian
and Desorcie 2010), and unmarked Lake Trout constituted
only 10–25% at the MLR in recent years (D. Hanson,
USFWS, personal communication), indicating that rehabilita-
tion of naturally reproducing Lake Trout in Lake Michigan
may be restricted to the southern portion of the lake. The
increasing prevalence of unmarked adult Lake Trout that
were identified as wild in spawning aggregations at the two
Illinois reefs, coupled with documented mean movement dis-
tances of approximately 100 km between stocking and recap-
ture (Bronte et al. 2007), implies that natural reproduction is
occurring at some location(s) in southern Lake Michigan, but
direct evidence for early life stages of Lake Trout is lacking.
Since we found little difference between the spawning popula-
tions at Julian’s Reef and Waukegan Reef, we further suggest
that there may be other sites with suitable spawning habitat or
spawning aggregations in Lake Michigan that are not currently
known or assessed.

Management Implications
There has been a concerted effort among state, federal,

and tribal fishery management agencies to restore Lake Trout
throughout the Great Lakes with—until very recently—little
progress in Lake Michigan after over 50 years of stocking,
multiple rehabilitation strategies, and large financial invest-
ments in research, monitoring, and hatchery operations. Lake
Trout populations in southern Lake Michigan are meeting
rehabilitation objectives of the Implementation Strategy and
have experienced a recent significant increase in the occur-
rence of multiple age-classes of unmarked adult fish, likely
resulting from natural reproduction. Fishery managers should
be concerned that the recent spark of natural recruitment may
be extinguished before the causes and conditions that are
favorable to rehabilitation are fully understood. Identifying
and monitoring the origin of these unmarked Lake Trout
should be a research priority along with studies focused on
evaluating spawning habitat selection and movement patterns
of spawning Lake Trout. We found that both a stocked reef
and an unstocked reef with small amounts of quality habitat
appear to support spawning Lake Trout populations with
similar characteristics relative to the rehabilitation objectives.
This leads to the very reasonable hypothesis that current
stocking practices may not be the driving force behind
increases in natural reproduction and that significant research
investment is needed to better understand factors determining
spawning habitat selection by Lake Trout. Further, egg and
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fry monitoring is needed to evaluate the successful recruit-
ment at an earlier life stage in order to better understand
conditions contributing to the successful reproduction of
Lake Trout at deepwater reefs in southern Lake Michigan.
Ultimately, fishery managers will need to evaluate the status
of rehabilitation in light of the Implementation Strategy
rehabilitation objectives. The Implementation Strategy, how-
ever, provides no actionable guidance for cases in which the
rehabilitation objectives are met at first-priority sites and also
does not address the conditions under which rehabilitation
can be declared, particularly if rehabilitation goals are met in
some parts of Lake Michigan and not others. We propose that
Lake Michigan fishery managers should revisit the Lake
Trout rehabilitation objectives and status in light of the
recent natural recruitment so that rehabilitation actions do
not inadvertently disrupt the emerging trend of increased
natural reproduction. It is important to avoid the unintended
negative consequences of stocking yearling Lake Trout on
top of age-0 naturally reproduced fish, specifically given the
potential for predation on conspecifics.

ACKNOWLEDGMENTS
We thank Richard Hess, Dan Makauskas, Vic Santucci, and

Tom Trudeau (IDNR staff); and Captain Arthur Atkinson,
Ernie Booth, Tom Clark, Tom Wisnewski, and Ed Johnson
(crew of the Clifford J) for their contributions to Lake Trout
surveys at the study reefs. We also appreciate input from Vic
Santucci and Dan Makauskas during the initial stages of
manuscript preparation; Charles Madenjian (U.S. Geological
Survey), John Dettmers (GLFC), Richard Hess (IDNR,
retired), and the Lake Michigan Biological Station staff for
providing helpful reviews that strengthened this manuscript;
and the advice from four anonymous reviewers and Charles
Madenjian during the final review. Sarah Huck’s assistance
regarding the use of PRIMER is greatly appreciated. Financial
support for this project was provided through Federal Aid in
Sport Fish Restoration Project F-65-R (Illinois Lake Michigan
Fishery Surveys and Investigations) and Project F-69-R
(Research and Analysis of Fisheries in Illinois).

REFERENCES
Bronte, C. R., M. E. Holey, C. P. Madenjian, J. L. Jonas, R. M. Claramunt, P.

C. McKee, M. L. Toneys, M. P. Ebener, B. Breidert, G. W. Fleischer, R.
Hess, A. W. Martell, and E. J. Olsen. 2007. Relative abundance, site
fidelity, and survival of adult Lake Trout in Lake Michigan from 1999 to
2001: implications for future restoration strategies. North American
Journal of Fisheries Management 27:137–155.

Bronte, C. R., C. C. Krueger, M. E. Holey, M. L. Toneys, R. L. Eshenroder,
and J. L. Jonas. 2008. A guide for the rehabilitation of Lake Trout in Lake
Michigan. Great Lakes Fishery Commission, Ann Arbor, Michigan.

Coberly, C. E., and R. M. Horrall. 1982. A strategy for re-establishing self-
sustaining Lake Trout stocks in Illinois waters of Lake Michigan.
University of Wisconsin, Marine Science Center, Report 42, Madison.

Dexter, J. L., B. T. Eggold, T. K. Gorenflo, W. H. Horns, S. R. Robillard, and
S. T. Shipman. 2011. A fisheries management implementation strategy for
the rehabilitation of Lake Trout in Lake Michigan. Great Lakes Fishery
Commission, Lake Michigan Committee, Ann Arbor, Michigan.

Eshenroder, R. L., M. E. Holey, T. K. Gorenflo, and R. D. Clark. 1995. Fish-
community objectives for Lake Michigan. Great Lakes Fishery
Commission, Special Publication 99-1, Ann Arbor, Michigan.

Fisher, J. P., J. D. Fitzsimons, G. F. Combs, and J. M. Spitsbergen. 1996.
Naturally occurring thiamine deficiency causing reproductive failure in
Finger Lakes Atlantic Salmon and Great Lakes Lake Trout. Transactions
of the American Fisheries Society 125:167–178.

Fitzsimons, J. D., S. Brown, L. Brown, D. Honeyfield, J. He, and J. E.
Johnson. 2010. Increase in Lake Trout reproduction in Lake Huron fol-
lowing the collapse of Alewife; relief from thiamine deficiency or larval
predation? Aquatic Ecosystem Health and Management 13:73–84.

Hanson, S. D., M. E. Holey, T. J. Treska, C. R. Bronte, and T. H. Eggebraaten.
2013. Evidence of wild juvenile Lake Trout recruitment in western Lake
Michigan. North American Journal of Fisheries Management 33:186–191.

He, J. X., M. P. Ebener, S. C. Riley, A. Cottrill, A. Kowalski, S. Koproski, L.
Mohr, and J. E. Johnson. 2012. Lake Trout status in the main basin of Lake
Huron. North American Journal of Fisheries Management 32:402–412.

Holey, M. E., R. W. Rybicki, G. W. Eck, E. H. Brown Jr., J. E. Marsden, D. S.
Lavis, M. L. Toneys, T. N. Trudeau, and R. M. Horrall. 1995. Progress
toward Lake Trout restoration in Lake Michigan. Journal of Great Lakes
Research 21(Supplement 1):128–151.

Holm, N. P., R. D. Norby, L. R. Smith, and C. Collinson. 1987. The role of
Silurian bedrock reefs in the Lake Michigan Lake Trout fishery. Illinois
Department of Conservation, Federal Aid in Sport Fish Restoration,
Project F-54-R, Final Report, Springfield.

Lavis, D. S., M. P. Henson, D. A. Johnson, E. M. Koon, and D. J. Ollila. 2003.
A case history of Sea Lamprey control in Lake Michigan: 1979 to 1999.
Journal of Great Lakes Research 29(Supplement 1):584–598.

LMLTTC (Lake Michigan Lake Trout Technical Committee). 1985. A draft
lakewide plan for Lake Trout rehabilitation in Lake Michigan. Lake
Michigan Committee, 1985 annual meeting minutes, appendix XVIII.
Great Lakes Fishery Commission, Ann Arbor, Michigan.

LMLTWG (Lake Michigan Lake Trout Working Group). 2015. 2015 Lake
Michigan Lake Trout Working Group report. Great Lakes Fishery
Commission, Ann Arbor, Michigan.

Madenjian, C. P., D. B. Bunnell, T. J. Desorcie, M. J. Kostich, P. M. Armenio, and
J. V. Adams. 2014. Status and trends of prey fish populations in Lake
Michigan, 2013. U.S. Geological Survey, Ann Arbor, Michigan.

Madenjian, C. P., and T. J. Desorcie. 2010. Lake Trout population
dynamics in the Northern Refuge of Lake Michigan: implications for
future rehabilitation. North American Journal of Fisheries Management
30:629–641.

Madenjian, C. P., T. J. Desorcie, J. R. McClain, A. P. Woldt, J. D. Holuszko,
and C. A. Bowen. 2004. Status of Lake Trout rehabilitation on Six Fathom
Bank and Yankee Reef in Lake Huron. North American Journal of
Fisheries Management 24:1003–1016.

Madenjian, C. P., T. J. Desorcie, and R. M. Stedman. 1998. Maturity sche-
dules of Lake Trout in Lake Michigan. Journal of Great Lakes Research
24:404–410.

Redman, R., S. Mackey, S. Czesny, and D. Greer. 2012. Evaluation of Lake
Trout spawning reef suitability in Illinois waters of Lake Michigan.
Great Lakes Fish and Wildlife Restoration Act, Final Report. Available:
www.fws.gov/Midwest/Fisheries/GLFWRA/F09AP00031.pdf. (January
2015).

Riley, S. C., J. X. He, J. E. Johnson, T. P. O’Brien, and J. S. Schaeffer. 2007.
Evidence of widespread natural reproduction by Lake Trout Salvelinus
namaycush in the Michigan waters of Lake Huron. Journal of Great Lakes
Research 33:917–921.

1414 PATTERSON ET AL.

http://www.fws.gov/Midwest/Fisheries/GLFWRA/F09AP00031.pdf


Schramm, S. T. 1993. Fecundity and egg deposition of a wild Lake Superior
Lake Trout stock. Wisconsin Department of Natural Resources, Fisheries
Management Report 149, Madison.

Selgeby, J. H., C. R. Bronte, E. H. Brown Jr., M. J. Hansen, M. E. Holey, J. P.
VanAmberg, K. M. Muth, D. B. Makauskas, P. McKee, D. M. Anderson,
C. P. Ferreri, and S. T. Schramm. 1995. Lake Trout restoration in the Great
Lakes: stock-size criteria for natural reproduction. Journal of Great Lakes
Research 21(Supplement 1):498–504.

Smith, B. R., and J. J. Tibbles. 1980. Sea Lamprey (Petromyzon marinus) in
Lakes Huron, Michigan, and Superior: history of invasion and control,
1936–78. Canadian Journal of Fisheries and Aquatic Sciences 37:1780–1801.

Tillitt, D. E., J. L. Zajicek, S. B. Brown, L. R. Brown, J. D. Fitzsimons, D. C.
Honeyfield, M. E. Holey, and G. M. Wright. 2005. Thiamine and thiami-
nase status in forage fish of salmonines from Lake Michigan. Journal of
Aquatic Animal Health 17:13–25.

Trippel, E. A. 1993. Relations of fecundity, maturation, and body size of
Lake Trout, and implications for management in northwestern
Ontario Lakes. North American Journal of Fisheries Management
13:64–72.

Wells, L., and A. L. McLain. 1972. Lake Michigan: effects of exploitation,
introductions, and eutrophication on the salmonid community. Journal of
the Fisheries Research Board of Canada 29:889–898.

MANAGEMENT BRIEF 1415


	Abstract
	METHODS
	Study Sites
	Julian’s Reef
	Waukegan Reef

	Fall Spawning Assessments
	Data Analysis

	RESULTS
	Lake Trout Stocking Records
	Abundance of Lake Trout
	Population Characteristics

	DISCUSSION
	Management Implications

	ACKNOWLEDGMENTS
	References

