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ABSTRACT
CHARACTERIZATION OF A DISTINCT POPULATION OF LAKE TROUT
IN ELK LAKE (ANTRIM COUNTY), MICHIGAN
by Laura Mathews
Elk Lake is a mid-sized inland lake located in Antrim County, Michigan. The lake was
hydrologically separated from Lake Michigan during the mid 19 th century and contains a selfsustaining population of Lake Trout (Salvelinus namaycush). Elk Lake Lake Trout display
unique life history and spawning characteristics relative to hatchery fish stocked in Lake
Michigan. Observations indicate that the Lake Trout in Elk Lake may spawn in deep water,
suggesting that these may be a remnant of populations extirpated from the Great Lakes. The
objectives of this study were to estimate the abundance of Lake Trout in Elk Lake and determine
defining characteristics of the population by comparisons of morphometry and growth between
Lake Trout from Elk Lake, stocked lean forms from Lake Michigan, and lean forms from Lake
Superior.
It was determined that Lake Trout from Elk Lake are morphologically different than
forms of Lake Trout from Lake Michigan and Lake Superior; Elk Lake Lake Trout have a leaner
body form than the other populations. The morphometric differences and the fact they are
genetically different from strains currently stocked in Lake Michigan support the hypothesis that
they may be a remnant population of extirpated Great Lakes Lake Trout. In addition, the Elk
Lake Lake Trout have higher overall growth rates (L∞,age 4-11 = 669 mm; k age 4-11 = 0.35) than the
lean forms from Lake Superior (L∞,age 4-11 = 620 mm; k age 4-11 = 0.18) and Lake Michigan (L∞,age 411

= 779 mm; k age 4-11 = 0.24), however after age 5 the Elk Lake Lake Trout growth rates are

surpassed by Lake Trout from Lake Michigan. The population of Lake Trout in Elk Lake was
estimated at 1,001 fish (σ2 = 16,748; 95% CI=749-1255 fish) for ages 2 to 11.
iii

Due to the ability to maintain a self-sustaining population, the Elk Lake Lake Trout may
be a viable source for stocking the Great Lakes, but future research should continue to define
characteristics of this population to determine if they are a remnant form of native Great Lakes
Lake Trout.
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CHAPTER I
MORPHOMETRIC COMPARISION BETWEEN LEAN FORMS OF LAKE TROUT FROM
ELK LAKE (ANTRIM COUNTY), MI, LAKE MICHIGAN, AND LAKE SUPERIOR

Introduction
Phenotypic diversity is present to varying degrees in many species, and differences can
be expressed as resource polymorphisms or the occurrence of many morphotypes in a population
that use different resources (Andersson et al. 2007). Phenotypic plasticity is described as
environmentally caused variation in the development of an organism (Alpert and Simms 2002;
West-Eberhard 1989) and encompasses all types of phenotypic variation due to the environment
(Stearns 1989). Resource polymorphisms result in variations in color, size, shape, behavior, or
life history traits, and often are represented by more than one factor (Smith and Skúlason 1996).
These differences in morphology are often driven by phenotypic plasticity and genetic
differences (Andersson et al. 2007; Nordeng 1983; Gislason et al. 1999) and can occur when
there are underutilized resources (Kahilainen and Ostbye 2006; Smith and Skúlason 1996),
competition (Svanbäck et al. 2008), and predation (Lima and Dill 1990) or when changing
abiotic factors make individual traits suited for the previous environment no longer compatible
with the new environment (Whitman and Agrawal 2009). In aquatic systems, phenotypic
differences are common in freshwater and anadromous species and in small landlocked lakes
(Smith and Skúlason 1996).
Morphometry represents the quantitative description, analysis, and interpretation of form
and structure of an organism (Rohlf 1990). Differences of morphometric measures can be the
result of many factors, including competition between or within species (Robinson and Wilson
1994), anthropogenic habitat alteration (Franssen 2011), diet, and nutrition (Wimberger 1992).
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Morphological variations in fish are typically represented by differences of shape and size of
fins, body and head depth, or in the structure of the stomach and gut (Skúlason and Smith 1995).
Examples of morphometric differentiation in fish species are exemplified by sympatric
morphotypes of Lake Whitefish (Coregonus clupaeformis), referred to as dwarf and normal,
found in the St. John River drainage in Maine, Quebec, and Ontario (Pigeon et al. 1997). The
two forms display differences in their growth, maturity, morphology (Fenderson 1964), and
genetics (Kirkpatrick and Selander 1979). Similarly,Arctic Charr (Salvelinus alpinus) display
great morphometric variability among regions (Jonsson and Jonsson 2001; Smith and Skúlason
1996; Chavarie et al. 2013) including differences in feeding ecology, morphology, reproduction,
often spawning in different locations or at different times (Jonsson and Jonsson 2001), and adult
body size (Smith and Skúlason 1996). Some of these morphometric and life history differences
are large enough that misidentification as different species is possible (Chavarie et al. 2013).
Lake Trout (Salvelinus namaycush) are a relatively long-lived species (Eshenroder et al.
1995) and represent considerable genetic diversity (Burnham-Curtis et al. 1995; Krueger and
Ihssen 1995). The evolutionary biology of Lake Trout in their native range throughout North
American and Canada was strongly influenced by glaciation during the Pleistocene epoch
(Eshenroder et al. 1995; Wilson and Mandrak 2004), and a close relationship exists between the
present distribution of Lake Trout and glaciated areas (Lindsey 1964). During the four to twenty
glaciation cycles that occurred during the Pleistocene epoch, Lake Trout cycled through
colonization of refugial habitats and retreat and extirpation (Eshenroder et al. 1995; Wilson and
Mandrak 2004). Despite the process of colonization and retreat, Lake Trout have maintained
genetic (Krueger and Ihssen 1995) and phenotypic diversity among forms and populations until
the mid-20th century.
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Lake Trout recolonized the Great Lakes after the Pleistocene epoch (Christie 1974) and
remained abundant until the first half of the 20th century when overexploitation, habitat
degradation, and Sea Lamprey (Petromyzon marinus) predation decimated populations (Holey et
al. 1995; Hansen 1999). Since this time, efforts to reestablish Lake Trout populations include
Sea Lamprey control, fishing regulations, and yearly stocking of hatchery fish (Page et al. 2004;
Perkins and Krueger 1995). Hatchery fish have increased the number of mature Lake Trout in
the Great Lakes (Marsden et al. 1995), however full Lake Trout restoration has not yet been
realized (Guinand et al. 2003).
Prior to their decline, Lake Trout populations in the Great Lakes consisted of many
morphological forms associated with deep or shallow water (Hansen 1999; Kruger and Ihssen
1995; Holey et al. 1995). In Lake Michigan, forms included lean forms associated with shallow
water (Brown et al. 1981, Holey et al. 1995) and siscowet like forms associated with deep water
(Krueger and Ihssen 1995). Deep water Lake Trout in Lake Michigan were believed to spawn in
50-85 m water depth on clay, gravel, and limestone and were smaller with higher fat content than
shallow water trout (Holey et al. 1995). The Bay Trout, a lean deep water form found
exclusively in the Green Bay area of Lake Michigan, spawned over sand, gravel, or mud in
deeper water up to ten days later than the shallow water forms in the region (Holey et al. 1995).
Deep water habitats were of historical importance to native Lake Trout, with commercial catch
reports suggesting that two-thirds of the historical Lake Trout catch spawned at offshore sites
(Dawson et al. 1997).
While historical forms of Lake Trout spawned in a variety of habitats, the majority of
stocked Lake Trout in the Great Lakes spawn primarily on shallow, nearshore reefs (Marsden et
al. 1995). The loss of deep water spawning strains may contribute to the current lack of
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spawning variation (Marsden et al. 1995), resulting in populations of hatchery fish with fewer
rare alleles than historical forms (Wilberg et al. 2003). Management and restoration of Lake
Trout are currently shifting from focusing on shallow, near-shore forms to deep water forms
because of the historical importance of deep reefs for native Lake Trout (Janssen et al. 2007).
Presently, Lake Superior is the only Great Lake that has retained some of the historic variation of
Lake Trout populations. This includes the siscowet form, a lean form found in less than 80 m of
water, and a humper form primarily found in > 90 m of water with an intermediate fat level
relative to the lean and siscowet forms (Eschmeyer and Phillips 1965; Moore and Bronte 2001).
Lake Trout found in Elk Lake, Michigan, display unique life history and spawning
characteristics relative to the hatchery fish stocked in Lake Michigan. Elk Lake is a deep inland
lake separated from Lake Michigan by a dam at Elk Rapids, Michigan. Lake Trout appear to
spawn in deep water, and may be a remnant population of the extirpated Great Lakes Lake Trout.
The purpose of this research was to define physical characteristics of Lake Trout in Elk Lake.
To accomplish this, morphometric comparisons were made among Elk Lake Lake Trout, lean
forms of Lake Trout from Lake Superior, and stocked lean forms of Lake Trout from Lake
Michigan.

Methods

Study Site
Sampling was conducted in Elk Lake, Antrim County, Michigan (Figure 1). Elk Lake is
a small, inland lake approximately 14.4 km in length and 3.2 km wide at its widest point with a
maximum depth of 61 m and primarily clay substrate (Scott 1921). Elk Lake is the final lake in
the chain of lakes watershed that spans Antrim, Charlevoix, Grand Traverse, and Kalkaska
4

Counties, Michigan (Figure 1). Elk Lake was once connected to Lake Michigan through Grand
Traverse Bay but was hydrologically separated when a dam was installed in 1856 (Scott 1921).
Elk Lake was stocked with Marquette strain Lake Trout, a remnant wild population from Lake
Superior (Bronte et al. 2007) during the early 1970’s. Recent genetic analysis has shown the Elk
Lake population is genetically different from any form stocked into Lake Michigan or Elk Lake,
including the Marquette strain, and lean forms from Lake Superior (Michigan State University;
Dr. Kim Scribner, unpublished data).

Field Sampling
Adult Lake Trout were captured in Elk Lake with trap nets (1.8 m wide x 152.4 m long
with 6.4 cm mesh) in fall and spring 2009 and bottom gill nets (6 m wide x 900 m long with 7.6
cm mesh) in fall and spring of 2009, 2011, and 2012. During spring 2009, trap nets (n=13) and
bottom gill nets (n=4) were set in waters depths of <7.6 m and >30.5 m, respectively. In fall
2009, bottom gill nets (n=4) were set in water depths <18.3 m, while two bottom gill nets were
set at depths 18.3-40 m. During fall 2011, 69 bottom gill nets were set in the western side of Elk
Lake in water depths 24.4-60 m for one hour sets to decrease the risk of mortality and by-catch.
In spring 2012, 44 bottom gill nets in water depths 24.4-60 m were set primarily on the northern
and western portions of the lake. During fall 2012, 75 bottom gill nets were set in depths ranging
from 24.4-60 m.
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Torch Lake

Lake Skegemog

Figure 1. Elk Lake, Antrim County, Michigan. Elk Lake is the final lake in the Chain of Lakes
waterway. The waterway spans 120 km and encompasses 14 inland lakes, including Lake
Skegemog and Torch Lake, which drain into Elk Lake. Waterways are colored white while land
is colored gray. The contour lines represent 10 m and demonstrate the steep slope and maximum
depth of 61m in Elk Lake.
Once captured, an image of each individual Lake Trout was taken following the protocol
established in Muir et al. (2012). Images were captured using a Canon PowerShot D20 water
proof digital camera. The camera was positioned on a horizontal manfrotto tripod 1-m above
each fish. A mesh cradle bordered by two rulers for calibration was used to hold the fish and
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create a planar surface relative to the camera lens. Each Lake Trout was aligned from the tip of
the snout to the center of the caudal fin to a black line on the inside of the cradle under the mesh.
Utensils were used to ensure that the mouth and operculum were closed, dorsal and anal fins
were extended, and pectoral and pelvic fins were parallel to the body on all individuals.
Lake Trout were collected in Lake Michigan in bottom gill nets set for 24 hour periods
during summer and fall 2012. Six bottom gill nets were set at water depths of 24.4-60 m in
Grand Traverse Bay during July 2012 and in southern Lake Michigan near Saugatuck during
September 2012. Images were taken and the length was recorded for each individual fish
following the same methods described above. In Lake Superior, Lake Trout were collected using
bottom gill nets near Isle Royal. Images of lean Lake Trout from Lake Superior were provided
by Andrew Muir (Great Lakes Fishery Commission) for comparative purposes.

Morphometric Truss Analysis
Images from Elk Lake (n=201), Lake Michigan (n=204), and Lake Superior (n=55) were
analyzed using the protocol described in Moore and Bronte (2001) with 31 truss elements from
14 landmarks (Figure 2). An additional 11 truss measurements were added to the outline of the
fish to increase accuracy linear measures that might be influenced by the curvature of the body
(Figure 2). Landmarks were placed on the digital images, and truss elements were measured
using Image Pro Plus 5.1 software. Measurements were standardized for size variation between
individuals by dividing each truss element by the total sum of truss elements for each individual
fish. A multivariate analysis of variance was completed to determine if differences existed
between the groups using R (R Core Development Team, 2011). Discriminate function analysis
determined which truss elements explained the greatest amount of variation among the groups.
Functions were then tested to determine if individuals could be correctly re-classified (i.e., Elk
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Lake, Lake Michigan, or Lake Superior) based on the identified truss elements. Truss elements
where r > |0.5| were considered correlated and responsible for the variation between the groups.

Figure 2. Truss measurements used in the analysis. F1-F31 are truss measurements described in
Moore and Bronte (2001), while T1, T9, T13, T16, T21, T25, T28, T29, T30, T31 are additional
truss measures added to increase the accuracy of the measurements.

Morphometric Geometric Analysis
The morphology of lean Lake Trout from Elk Lake, Lake Michigan, and Lake Superior
was also evaluated using geometric analysis according to protocols defined in Zimmerman et al.
(2012) and Parsons et al. (2003). A grid was digitally superimposed on each image beginning at
the tip of the snout and ending at the midpoint of the hypural plane with lines indicating 20%,
30%, 40%, and 50 % of the individual’s standard length with a horizontal line indicating the
midpoint of the grid (Figure 3). The grid was then oriented so the lateral line of the fish aligned
with the midline. Images where the midline could not be aligned were eliminated, reducing the
sample size for analysis (Elk Lake, n=49; Lake Michigan, n=66; Lake Superior, n=62). The
program, TPS Util, was used to create TPS files that were then imported into TPS Dig, a
program available on the State University of New York at Stoney Brook morphometric website
(http://life.bio.sunysb.edu/morph/; Figure 3) where coordinates for 20 landmarks were digitized.
The program TPS relW was used to perform a generalized procrustes analysis on the coordinates
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which centers all of the specimens then scales and rotates the images to a common size and
orientation (Parsons et al. 2003; Zimmerman et al. 2006). A consensus form, or the mean
coordinates for each landmark averaged across all of the specimens, was determined and
compared against the landmarks (Parsons et al. 2003), resulting in a weight matrix that contained
17 partial warp scores. The partial warp scores produced relative differences in shape among the
groups by describing the differences of each specimen to the consensus form (Parsons et al.
2003; Zimmerman et al. 2006). The partial warp scores were evaluated using discriminate
function analysis to generate re-classification functions, which were then tested to determine if
individuals could be correctly re-classified (i.e., Elk Lake, Lake Michigan, or Lake Superior)
based on their shape. The program TPSRegr was used to construct deformation grids to
visualize shape differences among the groups (i.e., Elk Lake, Lake Michigan, or Lake Superior)
by regressing the linear discriminant axis values against the partial warp scores for each lake
separately.

Figure 3. Example image of Elk Lake Lake Trout used for the geometric analysis. The lines
indicate 20% (A), 30% (B), 40% (C), and 50% (D) of the standard length (E). The 20 landmarks
indicate the 20 homologous features used to distinguish the morphological differences between
the Lake Trout from Elk Lake, lean forms from Lake Superior, and stocked lean forms from
Lake Michigan.
9

Results

Morphometric Truss Analysis
The Elk Lake Lake, Lake Michigan, and Lake Superior Lake Trout were morphometrically
different from one another (F2,457=17.4, P=<0.0001). The discriminate function analysis axis
LD1 described 54% of the variation (Figure 4), while axis LD2 was responsible for 46% of the
variation. Individual fish from Lake Superior had smaller head measurements than individual
Lake Trout from Elk Lake and Lake Michigan, which were similar to one another. Individuals
from Elk Lake had smaller mid-body measurements than individuals from Lake Michigan. Truss
measurements associated with the head region were negatively correlated with LD1 (Figure 5:
F6, r=-0.52; F9, r=-0.58; T9, r=-0.58). Lake Superior individuals had smaller head
measurements than individuals from Elk Lake and Lake Michigan, which were similar in head
measurements. Measurements associated with the mid-body region were negatively correlated
with LD2 (Figure 5: F10, r=-0.55; F11, r=-0.63; F12, r=-0.65; F13, r=-0.56; F14, r=-0.60; F15,
r=-0.51; F17, r=-0.50; F19, r=-0.50; F23, r=-0.57; T13, r=-0.56). LD2 separated individuals
from Elk Lake as having smaller and compressed mid-body regions than individuals from Lake
Michigan. Ninety-two percent of Lake Trout from Elk Lake were correctly classified as
originating from Elk Lake, 97% of individuals from Lake Michigan were classified correctly as
originating from Lake Michigan, and 92% of individuals from Lake Superior were correctly
classified as originating from Lake Superior.
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Figure 4. Results of the discriminate function analysis for the morphometric truss analysis
representing the variation in shape among Lake Trout from Elk Lake (triangle), Lake Michigan
(square), and Lake Superior (circle). Lake Trout from Lake Superior had smaller head
measurements than individuals from Elk Lake and Lake Michigan. Lake Trout from Elk Lake
had smaller mid-body measurements than individuals from Lake Michigan.
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(a)

(b)

Figure 5. Truss measurements that were negatively correlated with axis LD1 in the discriminate
function analysis are shown in thick black lines (a). Lake Superior Lake Trout head
measurements were smaller than measurements of Elk Lake and Lake Michigan Lake Trout.
Truss measurements negatively correlated with axis LD2 in the discriminate function analysis
are shown in thick black lines (b). Elk Lake Lake Trout had a narrower and more compressed
mid bodies than individuals from Lake Michigan. The fish shown are from Elk Lake.

Morphometric Geometric Analysis
Differences in morphology among the three Lake Trout morphotypes were also detected
with the geometric analysis. Sixty three percent of the variation among the groups was
accounted for by axis LD1, while axis LD2 described 37% of the variation (Figure 6). Overall,
90% of individuals from all three populations were classified correctly. In reassignment tests,
individuals from Elk Lake were classified correctly 84% of the time; Lake Michigan, 91% of the
time; and Lake Superior, 94% of the time.
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Deformation grids were created to depict shape differences among the three populations
(Figure 7; Figure 8). Elk Lake Lake Trout had a more elongated and narrow head region when
compared with fish from Lake Michigan and Lake Superior, while Lake Michigan and Lake
Superior were more similar in head shape (Figure 7; Figure 8; landmarks 1-5). Elk Lake has a
more upturned head than Lake Michigan and Lake Superior (Figure 8). Body depth was the
greatest differentiating feature between Elk Lake Lake Trout and Lake Trout from Lake
Michigan and Lake Superior. Elk Lake fish were more compressed, elongated, and fusiform in
shape when compared to the other two populations, which were broader in the mid-body region
(Figure 7; Figure 8; landmarks 6,7,14,15,16,17). The caudal area of Elk Lake Lake Trout was
relatively narrower and the adipose fin was set back further aligning with the anal fin posterior
insertion (Figure 7; Figure 8; landmarks 8,12). In contrast, Lake Michigan and Lake Superior
fish were more similar with a wider caudal peduncle. The adipose fin was forward of the
posterior insertion point of the anal fin for the Lake Michigan and Lake Superior Lake Trout
relative to Lake Trout from Elk Lake.
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Figure 6. Results of the discriminate function analysis for the morphometric geometric analysis
representing the variation in shape among Lake Trout from Elk Lake (triangle), Lake Michigan
(square), and Lake Superior (circle).
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(a)

(b)

(c)

Figure 7. Deformation grids showing shape differences (at 3x magnification) described
regressing the linear discriminant 1 axis values against the partial warp scores for Lake Trout
from (a) Elk Lake, (b) Lake Michigan, and (c) Lake Superior. Lines were added between
landmarks (1-20) to ease visualization of differences.
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(a)

(b)

(c)

Figure 8. Deformation grids showing shape differences (at 3x magnification) described by
regressing the linear discriminant 2 axis values against the partial warp scores for Lake Trout
from (a) Elk Lake, (b) Lake Michigan, and (c) Lake Superior. Lines were added between
landmarks (1-20) to ease visualization of differences.

Discussion
Lake Trout from Elk Lake are morphologically different than forms from Lake Michigan
and lean forms from Lake Superior. Typically, intraspecific differences in morphology, life
16

history, and behavior reflect differences in both diet and habitat (Chavarie et al. 2013). In both
Lake Superior and Great Slave Lake, Lake Trout populations have partitioned resources by
habitat and depth (Chavarie et al. 2013; Zimmerman et al. 2009). Lean forms of Lake Trout
found primarily in shallow water (<50 m) typically are piscivorous (Fisher and Swanson 1996;
Zimmerman et al. 2009). Deep-water Lake Trout are believed to have adapted deep-water
feeding strategies to avoid competition with lean (shallow-water) forms (Eshenroder 2008), and
typically feed on deep-water ciscoes (Zimmerman et al. 2009). Lake Trout from Elk Lake are
most similar in body shape to lean forms, yet seem to display behaviors similar to deep-water
forms. Unlike Lake Superior where competition with other forms resulted in different feeding
patterns (Eshenroder 2008; Zimmerman et al. 2009), only one form of Lake Trout appears to
exist in Elk Lake. Lake Trout from Elk Lake have developed a deep-water feeding strategy
utilizing Cisco (Coregonus artedi) and Deep-Water Sculpin (Myoxocephalus thompsonii) in their
diets (Michigan Department of Natural Resources; Jory Jonas, unpublished data). Elk Lake Lake
Trout are found primarily in deep water, through much of the year including the fall spawning
season (Michigan Department of Natural Resources; Jory Jonas, unpublished data). If Elk Lake
fish are spawning in deep water, similar to historic forms of native Great Lakes Lake Trout
(Dawson et al. 1997, Holey et al. 1995), it is likely over a clay bottom, similar to native forms of
Lake Michigan Lake Trout (Marsden et al. 1995).
Both the truss and geometric analysis resulted in similar patterns of morphological
differences among the Elk Lake, Lake Michigan, and Lake Superior Lake Trout populations.
Similar to other studies (Adams and Rohlf 2000; Parsons et al. 2003), the geometric analysis
provided greater discriminatory power among the groups. We were better able to distinguish
head, body, and caudal region shape differences between the Elk Lake population and the other
17

populations with the geometric analysis. In addition, we observed that the Lake Michigan and
Lake Superior populations appear more similar in body and head shape compared to the Elk
Lake population. Although both techniques are valid in determining morphological differences
that exist between populations, the geometric analysis is a better tool for describing
morphological differences (Parsons et al. 2003).
The Lake Trout population in Elk Lake is either a separate and distinct form or may be a
remnant of now extirpated native Lake Michigan Lake Trout. This hypothesis is supported by
both the morphometric information presented here and previous genetic analysis, which
demonstrated that Elk Lake Lake Trout were genetically different from strains currently stocked
in Lake Michigan (including the Marquette strain) and lean forms from Lake Superior (Michigan
State University; Dr. Kim Scribner, unpublished data). Due to its ability to maintain a selfsustaining population, the Elk Lake Lake Trout may be a viable source to re-introducing lost
diversity via stocking in the Great Lakes. However, we need to better understand the population
biology, behavioral ecology, and genetics of these fish before such efforts are initiated.
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CHAPTER II
POPULATION CHARACTERISTIC COMPARISION BETWEEN LEAN LAKE TROUT
FROM ELK LAKE (ANTRIM COUNTY), MI, LAKE MICHIGAN, AND LAKE SUPERIOR

Introduction
The Lake Trout in Elk Lake exhibit unique characteristics with distinguishable
characteristics in morphology, genetics, and behavioral ecology relative to other populations of
Lake Trout in the Great Lakes (see Chapter 1). Understanding the inherent characteristics of a
population including the growth rate (Fraley and Shepard 1989; Shuter et al. 1998) and
abundance are important for making effective management decisions (Peterson et al. 2004).
These characteristics are influenced by genetics (Burnham-Curtis et al. 1995; Gale et al. 2013;
Johnson et al. 2001), food availability (Michalsen et al. 1998; Johnson et al. 2001; Jones 1986),
temperature (Hofmann and Fischer 2003; Neverman and Wurtsbaugh 1994), metabolism
(Michalsen et al. 1998), disease, and parasitism (Johnson et al. 2001).
The objectives of this study were to 1) estimate the abundance of the Lake Trout
population in Elk Lake using information gathered from a field sampling creel survey, angler
diary program, and angler tag returns; 2) describe differences in age and growth between the lean
form of Lake Trout from Elk Lake, stocked lean form of Lake Trout from Lake Michigan, and
the lean form of Lake Trout from Lake Superior.

Methods

Study Site
Sampling was conducted in Elk Lake, Antrim County, Michigan (Figure 1). Elk Lake is
a small, inland lake approximately 14.4 km in length and 3.2 km wide at its widest point with a
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maximum depth of 61 m and primarily clay substrate (Scott 1921). Elk Lake was once
connected to Lake Michigan through Grand Traverse Bay but was hydrologically separated when
a dam was installed in 1856 (Scott 1921). Elk Lake is the final lake in the chain of lakes
watershed that spans Antrim, Charlevoix, Grand Traverse, and Kalkaska Counties, Michigan.

Field Sampling
Adult Lake Trout were captured in Elk Lake with trap nets (1.8 m wide x 152.4 m long
with 6.4 cm mesh) in fall and spring 2009 and bottom gill nets (6 m wide x 900 m long with 7.6
cm mesh) in fall and spring of 2009, 2011, and 2012. During spring 2009, trap nets (n=13) and
bottom gill nets (n=4) were set in waters depths of <7.6 m and >30.5 m, respectively. In fall
2009, bottom gill nets (n=4) were set in water depths <18.3 m, while two bottom gill nets were
set at depths 18.3-40 m. During fall 2011, 69 bottom gill nets were set in the western side of Elk
Lake in water depths 24.4-60 m for one hour sets to decrease the risk of mortality and by-catch.
In spring 2012, 44 bottom gill nets in water depths 24.4-60 m were set primarily on the northern
and western portions of the lake. During fall 2012, 75 bottom gill nets were set in depths ranging
from 24.4-60 m.
For each Lake Trout captured the total length (mm) was recorded, scale samples were
removed from below the dorsal fin (Murphy and Willis, 1996), and a lower caudal fin clip was
collected for genetic analysis. Otoliths were removed from any individual that had died during
sampling for aging. To evaluate population size we conducted mark-recapture population
assessments. Individuals alive at the time of capture were held in a live well and tagged with a
17.145 cm lock tag placed near the front of the dorsal fin. Tagged fish were released near the
point of capture.
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Age and Growth
Lake Trout ages were determined by counting annuli on scales (live-released fish) and
otoliths (dead fish). Scales were prepared by wet mounting them between slides (Hubert et al.
1987). Otoliths were prepared by sanding the otolith down to the center annuli (Barnett-Johnson
et al. 2008) and burning the edge (Christensen 1964). Scale and otolith images were taken using
Image Pro-Plus 5.1 and a Nikon SMZ 800 camera. Scale and otolith images were aged by two
readers to determine agreement. If ages did not match among readers, a third reader provided an
age estimate. Final ages were determined when ages from two agers agreed or as the average
age when the three agers each deviated by one year. When there were >2 years of disagreement
among the three readers, the fish were eliminated from age analysis. When available, otoliths
were used to determine the final age of a fish. Fish used in growth calculations from Elk Lake
and Lake Michigan were captured in 2009-2012, while fish from Lake Superior were captured in
2008. Length-at-age values for Lake Michigan Lake Trout were collected near Grand Traverse
Bay, Michigan, and in southern Lake Michigan using bottom gill nets and provided by the
Michigan Department of Natural Resources. Length-at-age values for Lake Superior Lake Trout
were collected near Isle Royal, Michigan and provided by the Michigan Department of Natural
Resources.
Given the small sample size, length-at-age estimates were back calculated for Elk Lake to
increase the number of length estimates per age group. For each fish where a final age was
determined, measurements were taken along a radius drawn the length of the dorsal axis, from
the center of the focus to the furthest point on the outer edge of each scale. The length of each
annular increment was measured from the center of the focus to the outer edge of each annulus.
The distance between the focus and each annulus was used to back-calculate individual Lake
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Trout total length at every age. The growth rate for the Elk Lake Lake Trout was estimated
using the Fraser-Lee method of back-calculation in FishBC 2.0, scale measurements were taken
in FishBC 3.10, and the total length of each individual Lake Trout (Carlander 1982; Frie 1982).
The formula used for back-calculation was:

where Li represents the back-calculated length of the fish when the ith increment was formed, Lc
represents the length of the fish at capture, Sc represents the radius of the hard part at capture, Si
is the radius of the hard part at the ith increment, and a is the y-intercept (Murphy and Willis
1996).
Von Bertalanffy growth models were used to evaluate growth patterns for lake trout in
Elk Lake and Lake Michigan. The formula used for the von Bertalanffy growth model was:

where

is the asymptotic length (mm) for fish ages 4 to 11, K is is the growth coefficient for

fish ages 4 to 11, t0 is the hypothetical age when the fish length is equal to zero, and

is the

length at age t (Johnson et al. 2001). Von- Bertalanffy models were calculated from mean
length-at-age data for each population. Only fully represented age groups ages 4 to 11 were used
in the estimation process, and the y-intercept was set to zero.

Angler Harvest
A creel survey and angler diary program was used during the summer of 2012 to gather
additional population data and determine if angling impacts the Elk Lake Lake Trout population
during the summer. The creel survey occurred June and July of 2012; four week days and four
weekend days were randomly sampled each month. During each month, two weekdays and two
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weekend days were randomly assigned as shift A (June and July 600-1430), while the other two
weekdays were randomly assigned as shift B (June: 1330-2200; July: 1430-2300). A count of
the number of boats on Elk Lake occurred once every shift at random times from eight lookout
points around Elk Lake. Every angler encountered was interviewed about their background and
their fishing trip (Appendix A).
An angler diary program was initiated in July 2012 and continued through the 2013 ice
fishery. The survey was designed to determine if angling impacted the Elk Lake Lake Trout
population and to gather additional population data on Lake Trout. Participants were located
through word of mouth and advertisement through the Elk-Skegemog Lakes Association. Each
angler was given a journal and asked to record information about fishing trips throughout the
season, including details of their catch (Appendix B). Anglers returned their diaries at the end of
the season, and another diary was sent to them to continue the program when requested. Anglers
not participating in the angler diary program were encouraged through advertisements and word
of mouth to report the capture of any tagged Lake Trout from Elk Lake.

Population Estimate
Population abundance was calculated using the Petersen method with the Chapman
modification because sampling during the recapture period was done without replacement
(Chapman 1951; Van Den Avyle and Hayward 1999). The formula used was:
N=

-1

where N is the population abundance, M is the number of fish initially marked and released, C is
the number of fish collected and examined for tags in the second period, and R is the number of
recaptures during the second period (Van Den Avyle and Hayward 1999). The number of fish
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tagged during the 2011-2013 sampling periods were pooled together and used to calculate the
value for M, the total of marked and unmarked fish caught by anglers during 2011-2013 was
used to determine the value for C, and the number of tag returns reported by anglers was used for
R. The variance was calculated using the formula:
V (N) =
where N is the population abundance, M is the number of fish initially marked and released, C is
the number of fish collected and examined for tags in the second period, and R is the number of
recaptures during the second period (Van Den Avyle and Hayward 1999).

Results

Field Sampling
During spring 2009, trap nets captured one Lake Trout while bottom gill nets captured
three Lake Trout in one of the deep nets and no Lake Trout in the shallower nets. In fall 2009,
bottom gill nets set in <18.3 m of water captured no Lake Trout, while nets in 18.3-40 m
captured three and 12 Lake Trout, respectively. During fall 2011, 184 Lake Trout were
collected, and 142 Lake Trout were tagged and released. In spring 2012, 40 Lake Trout were
caught; 31 Lake Trout were tagged and released. In fall 2012, 78 Lake Trout were captured; 60
Lake Trout were tagged and released.

Age and Growth
Most individuals captured between 2009-2012 were between 4-6 years old, while the
majority of fish captured were 5 years old (Figure 9). The first two readers were in agreement
for 32% of the structures aged. The remaining 68% of structures were given to a third reader.
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Of the final ages assigned, 6% deviated between the first two readers by one year, and the
midpoints between the ages were assigned. Eleven percent were structures where reader ages
deviated by >2 years; these were eliminated from further analysis. Lake Michigan Lake Trout
had higher mean length-at-age values for all ages than Lake Trout from Elk Lake and Lake Trout
from Lake Superior (Figure 10). For ages 4-11, Lake Michigan Lake Trout also had a greater
asymptotic average maximum body size (L∞,age 4-11=779 mm) than the Elk Lake population (L∞,age
4-11=669

mm) and the Lake Superior population (L∞,age 4-11=620) mm, while the Elk Lake

population had a larger growth rate coefficient (k age 4-11=0.35) than Lake Michigan population (k
age 4-11=0.24),

and the Lake Superior population (k age 4-11=0.18; Figure 11). Younger individuals

(ages 4 and 5) in Elk Lake grew faster than the Lake Michigan and Lake Superior populations at
a comparable age. At approximately age 5, the Elk Lake growth rate plateaued, resulting in
slowed growth for fish >5 years of age. In contrast, Lake Michigan fish >5 years of age appear
to be growing faster and reaching a larger mean asymptotic length than lake trout from Elk Lake
and Lake Superior (Figure 11).
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Figure 9. Age frequencies of Lake Trout from Elk Lake, Michigan, sampled during the 20092012 sampling seasons.
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Figure 10. Mean length-at-age (mm) of Lake Trout from Elk Lake, Michigan (back-calculated;
circles), Lake Michigan (measured; triangles), and Lake Superior (measured; squares) for ages 411.
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Figure 11. Von Bertalanffy model estimates for Lake Trout from Elk Lake, Michigan (solid
line), Lake Michigan (dotted line), and Lake Superior (dashed line) for ages 4-11. Models were
estimated from back-calculated lengths in Elk Lake and observed values from Lake Michigan
and Lake Superior.

Harvest Estimates
During the month of June and July 2012, 24 fishing boats and 125 non-fishing boats were
observed during the count of the number of boats on Elk Lake that occurred during each creel
shift, while 10 anglers were observed fishing from the shore or dock. A total of 25 interviews
were taken during the month of June and July 2012, comprised mostly of anglers fishing from a
boat. In total, 450 fish were recorded as catch during the summer of 2012. Yellow Perch (Perca
flavescens) comprised the majority of the total catch, followed by Smallmouth Bass
(Micropterus dolomieu), Rock Bass (Ambloplites rupestris), Muskellunge (Esox masquinongy),
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and Rainbow Trout (Oncorhynchus mykiss). In both June and July, two anglers interviewed
targeted Lake Trout, but no Lake Trout were captured or recaptured.
Catch information from the angler diary program and individual angler reports resulted in
the only recaptures of tagged Lake Trout throughout the study. Eighty-five unmarked Lake
Trout and 36 tagged Lake Trout were captured and reported by anglers. Thirty of the unmarked
Lake Trout were captured during the summer months of May, June, July, and August, while the
remaining 55 were captured during September, October, November, February, March, and April,
indicating the winter ice fishery is more active for Lake Trout fishing than fisheries in the
summer months.

Population Estimate
The population of Lake Trout in Elk Lake was estimated at 1,001 fish (σ2 = 16,748; 95%
CI=749-1255 fish) for ages 2 to 11.

Discussion
Growth patterns differed among the Lake Trout from Elk Lake, Lake Michigan, and Lake
Superior. Lake Trout greater than age 5 from Elk Lake had substantially slower growth rates
than observed for Lake Trout from Lake Michigan. The Lake Superior population was slower
growing than both Lake Michigan and Elk Lake for all age groups. Genetic differences can have
an impact on growth rates between different fish strains (Silverstein et al 1999; Valente et al.
1999), and the genetic differences between the Lake Trout from Elk Lake, Lake Michigan, and
Lake Superior (Michigan State Univeristy; Dr. Kim Scribner, unpublished data) may be
responsible for the different growth rates. Resource availability and diet can also influence life
history traits (Jonsson et al. 1999), and growth rates can be affected by prey size (Madenjian et
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al. 1998; Wankowski and Thorpe 1979) and prey type, with faster growth observed in
piscivorous fish (Jonsson et al. 1999). If the need for larger prey is not met as a fish grows,
growth may slow or cease all together (Jonsson et al. 1999; Mittelbach 1983). Through
preliminary stomach analyses, Lake Trout in Elk Lake eat primarily fish during the fall and
macroinvertebrates during the spring (Michigan Department of Natural Resources; Jory Jonas,
unpublished data). Prey limitations may be responsible for the slow growth observed in the Elk
Lake Lake Trout after age 5, but additional diet and behavioral analyses are needed to draw
further conclusions.
The winter ice fishery is the most active season for Lake Trout angling. The tendency of
anglers to remove the largest individuals from a population can influence evolutionary change
(Law 2000) and impact growth rates (Biro and Post 2008). Minimum size limits for Lake Trout
in Elk Lake are larger (38.1 cm) than in Lake Michigan (28.4 cm). Over time, this size selective
angling during the Elk Lake winter ice fishery removes large and late maturing individuals,
while leaving behind slow growing and early maturing fish (Biro and Post 2008; Law 2000).
The Petersen method estimated a fairly small population of Lake Trout in Elk Lake with
a large variance. To further increase the number of tag returns for the population estimate, future
research should survey the winter ice fishery and continue the angler diary program, as many
assumptions were violated while sampling (Van Den Avyle and Hayward 1999). The Petersen
method can overestimate population size by underrepresenting marked fish in the recapture
period, and not all anglers who captured a tagged fish likely reported resulting in an overestimate
of the population abundance.
The Elk Lake Lake Trout display different life history characteristics relative to other
forms of Lake Trout in the Great Lakes Their distinct behavior and growth patterns demonstrate
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that this is a unique population. Further research should continue to elucidate additional defining
features and determine if they are a viable source to re-introducing lost diversity via stocking in
the Great Lakes.
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APPENDIX A
QUESTIONS ANGLERS WERE ASKED DURING THE SUMMER 2012 CREEL SURVEY
ON ELK LAKE, MICHIGAN.
Data collected by clerk before angler is
Data collected by clerk during the interview
approached for an interview
Site name
Number of lines fished
Mode of angler fishing (e.g. from boat,
Number of trips the angler has made that day total
shore, pier, ect.)
Number of days fished at this site over the past three
Number of anglers
months
Complete or incomplete interview
Primary method angler is using to fish
Primary bait angler is using to fish
Species angler is targeting
Angler's age (optional)
Angler's zip code (optional)
Angler's sex (optional)
Date/time angler began fishing
date/time angler stopped fishing
Number and type of all species harvested
Number and type of all species released
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APPENDIX B
INFORMATION COLLECTED FROM THE ANGLER DIARIES GIVEN TO EACH
PARTICIPANT IN THE ELK LAKE ANGLER DIARY PROGRAM.
General Information
Date
Start time/end time
Number of anglers
Number of lines
Fishing mode
(shore/ice/boat)
Fishing Method
(troll/still/cast/jig/drift/fly)
Target Species

Lake Trout Details for each individual
captured

Description of Catch
Species and number
harvested
Species and number released

Length
Maturity
Sex
Tag number
Released (yes/no)
Additional comments
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