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ABSTRACT
Lake whitefish Coregonus clupeaformis support important recreational,
commercial, and tribal fisheries in the Great Lakes, including Lake Michigan. Genetic
analyses indicate at least six distinct lake whitefish stocks exist in Lake Michigan, and
subsequent analyses show a mixed-stock fishery exists where multiple stocks are often
harvested within a single management zone. Biological characteristics could vary among
genetic stocks, but these differences may not be accounted for in current monitoring
efforts that rely on capture location to assign fish to individual stocks. This could
ultimately affect the utility of statistical catch at age (SCAA) models used to manage the
lake whitefish fishery. The objective of my research was to determine if weight-length
relationships, growth, age structure, and measures of reproductive investment (i.e., gonad
weight-fish weight relationships, fecundity, and egg diameters) differed among genetic
stocks and capture locations for lake whitefish in Lake Michigan collected during
October, the month when the majority of commercial harvest occurs. A total of 1,528
lake whitefish were collected from whitefish management zones (WFM) 08, 07, 05, 03,
01, and WI-2 in Lake Michigan in 2012 (N = 700) and 2013 (N = 828) for genetic and
demographic analyses. Sex, total length, weight, otoliths, gonad weight, ovaries (females
only), and maturity were collected from lake whitefish. Only one genetic stock was
represented in samples obtained from capture locations in four management zones
(WFM-08, WFM-07, WFM-05, and WFM-01), and only two stocks were represented at
capture locations in management zones WFM-03 and WI-2. At the two locations where
more than one genetic stock was represented, stocks were geographically proximal and
biologically similar. Consequently, using October capture location to assign lake
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whitefish collected to genetic stock would likely provide fishery managers with realistic
estimates of biological metrics for each genetic stock. Based on similarities in the
biological characteristics I measured, lake whitefish in Lake Michigan could be divided
into four groups. Specifically, the Elk Rapids (ER) and Southern stocks (SOU) appear to
be biologically distinct from all other stocks, the Northeast (NOE) and Northern (NOR)
stocks were biologically similar to one another, but distinct from all other stocks and the
Big Bay de Noc (BBN) and Green Bay (GB) stocks were biologically similar to one
another, but distinct from all other stocks. While stock assignments based on October
capture location appears useful for describing the biological characteristics of specific
genetic stocks, using capture location alone is not sufficient to determine stock-specific
contributions to harvest within each zone throughout the entire year.
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INTRODUCTION
Populations are rarely panmictic, but are instead composed of discrete and
identifiable stocks (Larkin 1972; Shaklee and Currens 2003). Ihssen et al. (1981) defined
a stock as “an intraspecific group of randomly mating individuals with temporal or spatial
integrity.” The term stock often refers to the component of a population susceptible to
harvest and under active management (Hilborn and Walters 1992; Shaklee and Currens
2003), and hence it is the basic biological unit of a fishery (Spangler et al. 1981). Genetic
diversity of a population is dispersed among its component stocks rather than equally
distributed throughout the population, so recognition and management of individual
stocks ensures diversity is not lost over time (Spangler et al. 1981). Loss of local
adaptations by means other than natural selective processes often reduces the genetic
diversity of species (Taylor 1991; Waples 1993; Allendorf et al. 2013). If stock-specific
alleles or allele/locus combinations are among the lost genetic diversity, that specific
genetic diversity is difficult or impossible to regain (Shaklee and Currens 2003).
Accounting for individual genetic stocks in fisheries management (i.e., the stock concept)
helps to maintain the evolutionary potential, productivity, and abundance of stocks
through time (Hilborn et al. 2003; Shaklee and Currens 2003). One goal of the genetic
stock concept is conservation of the greatest amount of genetic variability (Spangler et al.
1981). Individual stocks contain unique genetic characteristics and sustainability,
diversity, resilience, and local adaptations are more likely to be conserved if the stock
concept is applied in managing mixed-stock fisheries (Shaklee and Currens 2003).
Sustainability is a common goal of fisheries management (Hilborn and Walters
1992; Eshenroder et al. 1995; Beacham 2008). In the context of this study, sustainability
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will be defined as the continuance and maintenance of exploited fish stocks within an
active management framework (Hannesson 2008). Active management is a key
component in this definition because environmental conditions may change, ultimately
affecting stock abundance and the dynamics of a fishery (Pauly 1980; Toresen and
Østvedt 2000; Hannesson 2008; Allendorf et al. 2013). In mixed or strictly commercial
fisheries, market stability and, in some cases, regional economies depend on sustainable
management that provides for future harvest opportunities (Hilborn and Walters 1992).
On the west coast of North America, managers and researchers have adopted the stock
concept and demonstrated the importance of conserving genetic diversity in component
stocks of Pacific salmon that support important mixed fisheries. In the early 1990s, the
state of Washington began an intensive assessment designed to identify wild stocks of
Pacific salmon and steelhead Oncorhynchus spp. to ensure that overall genetic diversity
was being maintained in the management process (Shaklee and Currens 2003). Wild
stocks were identified using the following major guidelines: (1) distinct spawning
distributions, (2) distinct temporal distributions of spawning runs, and (3) distinct
biological characteristics (typically manifested through genetic stock identification;
Shaklee and Currens 2003). The assessment identified over 400 stocks of salmon in the
state and suggested that many strategies existed to distribute diversity. For example,
temporally-segregated runs of pink salmon Oncorhynchus gorbuscha in the Snohomish
River in even years and odd years were significantly distinct, indicating these stocks
should be considered unique management units to conserve the greatest level of genetic
diversity in the system (Shaklee and Currens 2003).
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Management of mixed-stock fisheries is complicated if stocks are not temporallyor spatially-segregated because abundance, biological characteristics, and exploitation
rates can vary among stocks (Utter and Ryman 1993; Van den Avyle 1993; Begg and
Waldman 1999; Shaklee and Currens 2003; Fabrizio 2005; Michielsens et al. 2006).
Consequently, assigning fish to individual stocks is necessary to describe biological
differences among stocks (Martell and Walters 2002; Utter and Ryman 1993). Physical
tagging and marking have been important tools for assessing stock structure and
assigning individuals to stock (Utter and Ryman 1993; Martell and Walters 2002; Cadrin
et al. 2005; Michielsens et al. 2006). Anchor tags, coded-wire-tags, passive integrated
transponder tags, brands, fin clips, and chemical marks (De Woody 2005; Pine et al.
2012) are common techniques used to investigate stock structure. These techniques have
been used to accurately assign fish to individual stocks (Scheerer and Taylor 1985;
Ebener et al. 2010a); however, drawbacks such as tag loss, non-reporting, and low
recovery rates have limited their resolution for stock identification (Hilborn and Walters
1992; Utter and Ryman 1993; Martell and Walters 2002; Hankin 2005; Ebener et al.
2010a). For example, in a multi-year study assessing movement and distribution of lake
whitefish Coregonus clupeaformis stocks in Lakes Michigan and Huron, the authors
reported that annual tag-reporting rates by commercial fishers were “surprisingly low”
(range 17.8-56.8%). This prompted an increase (from $5 to $10) in the reward offered for
tag returns (Ebener et al. 2010a). Ebener et al. (2010a) also demonstrated that short-term
(30 d) retention of t-bar anchor tags used to mark lake whitefish was nearly 100%, but the
estimated rate of tag loss at 1-year was 30%, limiting the long-term efficacy of this
marking technique for stock assessment. On the west coast of North America, coded wire
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tags (CWT) are used by fishery managers to identify stock or point of origin in the
Pacific salmonid fishery; however, current tag return rates for CWT are less than 2%,
resulting in biased estimates of population parameters (Hankin 2005). Furthermore, only
hatchery-reared salmon are marked, so estimates of abundance, escapement, and
mortality rates for wild stocks are indirectly inferred from hatchery stocks (Hankin 2005).
Genetic techniques are used in combination with CWT as the basis of Pacific salmonid
management (Hankin 2005; Garza and Anderson 2007).
Genetic mixed-stock analysis can provide accurate stock assignments (Utter and
Ryman 1993; Wirgin and Waldman 2005; Garza and Anderson 2007; VanDeHey et al.
2010). Using genetic techniques for stock identification has advantages over traditional
physical marks or tags because identification is based on stock-specific allelic
frequencies that are carried by all individuals in a population, so large tagging efforts are
unnecessary and mark loss is not an issue (Frost et al. 2006). While the initial cost of
implementing genetic stock identification is often higher than traditional marking
techniques, costs are decreasing as laboratory techniques become more efficient (Selkoe
and Toonen 2006).
Once a stock assignment method has been identified, evaluation of stock-specific
demographics, dynamics, and other biological characteristics can be undertaken because
individual stocks might respond differently to exploitation (Beverton 1963; Adams 1980;
Beauchamp et al. 2004). For example, Hutchings (2005) reported differential decreases in
age at maturity for two Atlantic cod Gadus morhua stocks in response to exploitation.
Healey (1978) subjected populations of lake whitefish to exploitation at varying levels in
a study designed to determine if growth and recruitment varied among exploited
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populations relative to the level of exploitation. Healey (1978) concluded that size-at-age
increased in exploited lakes and that recruitment was stimulated in a heavily exploited
lake confirming his hypothesis. Additionally, Healey (1978) suggested that growth of
lake trout Salvelinus namaycush increased because of exploitation; size at maturity was
larger and age at maturity was lower in exploited populations compared to unexploited
populations (Healey 1978).
Assessing biological differences among stocks is an important step in the
management of the lake whitefish commercial fishery in the Great Lakes. Lake whitefish
supported the most lucrative commercial fishery on the Great Lakes between 1994 and
2004, with an average annual value of $16.6 million USD (Ebener 2008). In addition to
the commercial fishery, lake whitefish are socially and ecologically important to the
Great Lakes Basin as sportfish and as prey for other economically-important fish species
(Ebener 2008). In 2009, lake whitefish from Lake Michigan comprised 54% of the total
Great Lakes lake whitefish harvest (USGS 2009).
Dockside value of the lake whitefish fishery on Lake Michigan averaged $5
million USD annually between 1994 and 2004 (Ebener 2008). Wisconsin, Michigan, and
the Chippewa-Ottawa Resource Authority (CORA) share management and licensing
authority over the commercial fishery for lake whitefish on Lake Michigan
(Schneeberger 2005), which adds to the complexity of managing this fishery. Harvest of
lake whitefish in Lake Michigan is allocated across 13 geographic management zones
(Figure 1), which account for the existence of distinct spawning aggregations in different
areas of the lake (Scheerer and Taylor 1985; Ebener and Copes 1985; Prout 1989).
Statistical catch-at-age (SCAA) models are used to estimate age- and year-specific stock
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abundances and mortality rates in each management zone (Modeling Subcommittee
2009; Figure 1; Mergey 1988; Ebener et al. 2005; Wilberg and Bence 2006). Zonespecific total allowable catches (TACs) for the next fishing season are estimated from
forecasted stock abundance estimates from the SCAA models (Ebener et al. 2005).
Wisconsin allocates lake whitefish harvest across three management zones (WI-1,
WI-2, and WI-3; Figure 1), where WI-2 is granted roughly 80% of the total harvest, while
WI-1 and WI-3 each receive approximately 10% of the harvest allocation. Within each
zone, harvest is divided among the number of licensed fishers (allocation is not equally
divided among quota holders). The lake whitefish fishery in Michigan waters includes
both state-licensed and tribal commercial fisheries. The Michigan Department of Natural
Resources (MIDNR) and the five tribes that comprise CORA use the 1836 Ceded
Territory treaty and the 2000 Consent Decree to set harvest quotas for state and tribal
fishers in Michigan waters. Total harvest in Michigan waters is not based on fixedpercentages as it is in Wisconsin waters, but is distributed among tribal and state
licensees based on five-year average catch rates (Modeling Subcommittee 2009).
Exploitation can significantly affect the demographics and dynamics of lake
whitefish stocks. In the Northwest Territories, previously unexploited populations of lake
whitefish were shown to exhibit higher recruitment and faster growth when exploited, but
asymptotic maximum size did not change (Healey 1975). Total mortality ranged from
0.36-0.94 in heavily exploited populations while average mortality in lightly exploited
and unexploited populations was 0.47 (Healey 1975). Age structure declined in exploited
populations and fish matured at a younger age and smaller size than in unexploited
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populations (Healey 1975). In a related study, fecundity in exploited populations of lake
whitefish increased when compared to unexploited populations Healey (1978).
Stocks of lake whitefish in Lake Michigan may exhibit differential responses to
exploitation because of differences in biological characteristics such as growth rate,
survival, and reproductive fitness (Ebener and Copes 1985; Scheerer and Taylor 1985)
and it would seem prudent to account for among-stock differences in fishery management
models used to determine safe harvest levels (Beauchamp et al. 2004). Stock-specific
differences in lake whitefish age structure, growth, maturity, and fecundity are of special
interest to Lake Michigan fishery managers because these metrics are inputs for SCAA
models used to set harvest quotas on Lake Michigan. Several previous studies have
attempted to identify and describe the biological characteristics of lake whitefish stocks
in Lake Michigan. Scheerer and Taylor (1985) tagged and released lake whitefish caught
by commercial fishers from locations in the Grand Traverse Bay region and northern
Lake Michigan and identified three stocks that exhibited some differences in growth and
mortality (Scheerer and Taylor 1985). Ebener and Copes (1985) conducted a similar
investigation for lake whitefish near Big Bay de Noc (BBN, Michigan waters) and North
and Moonlight Bays (NMB, Wisconsin waters) and identified two discrete stocks that
differed with regards to mortality, age structure, and yield-per-recruit. Results of these
studies and traditional ecological knowledge (TEK) from commercial fishers prompted
fishery managers on Lake Michigan to realign the boundaries of statistical management
zones to account for these discrete spawning stocks (Rybicki and Schneeberger 1990).
Recent studies have demonstrated the need for more research regarding the stock
structure and biological characteristics of lake whitefish in the Great Lakes, including
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Lake Michigan. Ebener et al. (2010a) tagged and released over 22,000 lake whitefish in
Northern Lake Michigan and Lake Huron and reported that fishing and natural mortality
rates estimated from tagging were different than those generated by the SCAA models.
Ebener et al. (2010b) also reported that the seasonal distribution of some stocks was
dynamic, although lake whitefish generally exhibited spawning-site fidelity. Ebener et al.
(2010b) suggested that the current management boundaries be adjusted once again to
better represent the behavior and distribution of lake whitefish stocks in Lake Michigan.
Currently, stock assessments of lake whitefish in Lake Michigan rely on capture
location in relation to management zones for assigning fish to a specific stock. However,
in 2001, the Lake Michigan Lake Whitefish Task Group (LWFTG) recognized that
current knowledge was insufficient to delineate stocks or manage lake whitefish in Lake
Michigan on a stock-specific basis (Casselman et al. 2001). To address this issue, the
LWFTG recommended combining genetic analyses and stock assessment using calcified
structures for age estimation (Casselman et al. 2001). With these data, the LWFTG
projected that managers would improve efforts to optimize commercial harvest of lake
whitefish, ensure long term sustainability of the fishery, and protect genetic diversity
(Casselman et al. 2001).
To begin addressing this recommendation, VanDeHey et al. (2009) collected lake
whitefish from 9 of the 11 commercial management zones in Lake Michigan. Fish with
running gametes were collected between mid-October and November 2005 and 2006
from known spawning aggregates. VanDeHey et al. (2009) concluded that lake whitefish
in Lake Michigan were not a single panmictic population, but consisted of six
genetically-distinct stocks.
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Applying the genetic stock concept to management of lake whitefish in Lake
Michigan is complicated by the fact that lake whitefish are highly mobile and migratory
(Ebener and Copes 1985; Scheerer and Taylor 1985; Prout 1989) and location of capture
may not be useful for accurately assigning fish to stock outside of spawning periods
(Andvik et al. 2011). A genetic analysis of fish harvested at several locations indicated
that the lake whitefish fishery in Lake Michigan is a mixed-stock fishery and the stock
composition of harvest within a specific management zone is likely dynamic throughout a
commercial fishing season and from year to year (Andvik et al. 2011; Andvik 2012).
Consequently, the use of capture location to assign fish to individual stocks could result
in inaccurate estimates of abundance, growth, mortality, and other metrics for individual
stocks. Previous studies that have quantified biological differences between stocks of lake
whitefish in the Great Lakes with regards to growth and mortality have relied on capture
location for assigning fish to stocks (Scheerer and Taylor 1985; Wagner et al. 2010) and
no previous study has employed genetic-based stock assignment to compare biological
characteristics among stocks. Therefore, the recommendation put forth by the LWTG in
2001 has not been fully addressed and no evaluation has determined if using capture
location would provide estimates of biological metrics that are similar to metrics
estimated using genetic stock assignment. The objective of my research was to determine
if weight-length relationships, growth, age structure, and measures of reproductive
investment (i.e., gonad weight-fish weight relationships, fecundity, and egg diameters)
differed among genetic stocks and capture locations for lake whitefish in Lake Michigan.
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METHODS
Data Collection- My sampling target was to collect 100 lake whitefish from each
of the six genetic stocks during October 2012 and 150 fish from each of the six genetic
stocks during 2013 for genetic analysis. To achieve this target, I obtained fish from
management zones that included known spawning aggregates for the six whitefish stocks
(Figure 1; VanDeHey et al. 2009). Fish were collected in October because: 1) more
harvest occurs in October than other months, 2) egg development is nearly complete,
which allows for estimation of fecundity and measurement of egg diameters, and 3) it
would be difficult to collect fish after October because the commercial fishery is closed.
Sampling was separated into early (October 1-15) and late (October 16-31) sampling
periods with a sampling target of 50 fish total from each genetic stock per period in 2012.
In 2013, I collected 75 fish per sampling period from each location. All 75 fish were used
for genetic analyses while 50 of the 75 fish were used for analysis of biological
characteristics. Lake whitefish were usually purchased directly from commercial trap-net
fishers. Trap nets ranged from 300-364 m in length and were between 4 and 9 m high.
Stretched mesh size in the cod end was 114 mm and mesh was constructed of
polypropylene or tarred multifilament nylon. Nets were typically fished between 1 and 7
nights. Fish were placed directly in ice-filled totes (approximately 110 kg or 50 fish per
tote). I requested “lake-run” (i.e., unsorted by size, sex, weight, or otherwise) samples
from all commercial fishers. My first sample from WFM-08 in 2013 was sorted by
approximate weight, but I randomly sampled fish from among all weight groups. Lake
whitefish from this sorted sample were used for genetic analysis, but I did not include
them in my analysis of biological characteristics. I collected an unsorted sample from
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WFM-08 in late October of 2013, and fish from this sample were used in further analyses
of biological characteristics. There has been no commercial harvest in the east lobe of
Grand Traverse Bay (i.e., suspected spawning location of the Elk Rapids genetic stock)
since 2010 (D. Caroffino MIDNR; personal communication), so I was not able to collect
a commercial trap net sample from this location in 2012. In 2013, I obtained lake
whitefish collected from this location during an annual graded mesh gill-net survey
conducted by the MIDNR during the late October sampling period (i.e., no early October
sample collected). Additionally, I was only able to collect a single sample of fish (n =
100) from WFM-05 during the late sampling period in 2012. I attempted to sample equal
numbers of male and female fish from each capture location (Tables 2 and 3) to ensure
that sufficient numbers of female fish were collected to estimate fecundity-weight
relationships and egg-diameter-weight relationships.
Immediately after purchase, each fish was weighed (g), measured for total length
(TL; mm) and a pelvic fin clip was removed and preserved in 95% non-denatured ethanol
for DNA extraction. Sagittal otoliths were removed from 600 fish (100 fish per sampling
location) in both 2012 and 2013 for age estimation. Sex, maturity, and status of gametes
(i.e., gravid, running, spent) were identified by visual inspection of gonads. Gonads were
extracted from mature fish and weighed to the nearest 0.1 g, and three subsamples of
eggs per female from different locations in the ovary were digitally photographed in a
petri dish (diameter = 88.7 cm) at the time of sampling to measure egg diameters. Ovaries
from all sexually-mature females were frozen for fecundity estimation (Kratzer et al.
2007).
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Genetic Analysis – To assign each fish to genetic stock, genomic DNA was
extracted from fin clips using the Promega Wizard® Genomic DNA purification kit
(Promega, Madison, WI) with a 96-well modification. DNA was quantified using a
Nanodrop® ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE) and
the concentration was normalized to a standard concentration of 20 ng/µl. Polymerase
chain reaction (PCR) conditions were adjusted slightly based on the initial conditions set
forth in Andvik 2012 (Table 1). Following amplification, individuals were genotyped on
an ABI 3730 DNA Analyzer (Applied Biosystems, Forest City, CA.) Allele sizes were
determined using an internal size standard (Geneflow™ 625, Chimerx, Milwaukee, WI)
and GeneMapper® software (Applied Biosystems). Allele calls were manually confirmed,
resulting in multi-locus genotyping data. A random subset of archived samples from
Andvik (2012) were genotyped and scored with these samples to determine if allele calls
were consistent with the previous study.
Genotype data was used in conjunction with reference data from Andvik (2012)
and VanDeHey et al. (2009) to assign each individual fish to a genetic stock using the
individual assignment method of Rannala and Mountain (1997) as implemented in the
ONCOR software program (Anderson et al. 2008). Baseline data from Andvik (2012) and
reporting groups were used to assign sampled individuals to stocks based on percent
likelihood. Individuals that did not assign with 70% likelihood to any one genetic stock
were omitted from analysis of biological characteristics.
Biological Characteristics – Size structure was described for each capture
location and genetic stock using mean TLs and percentages of fish > 552 mm TL, which
was the 75% quartile of all observed TLs. Mean TLs were compared among stocks and
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capture locations using analysis of variance (ANOVA). If significant differences are
detected, Tukey-Kramer multiple comparisons were used to identify specific differences
among stocks and capture locations. Percentages of fish > 552 mm TL were compared
among capture locations and genetic stocks using chi-square tests.
Slopes of sex-specific log10 weight-log10 TL relationships (W-L relationships
herein) were compared between years and among stocks or capture locations using
ANOVA under the assumption that W-L relationships were different between sexes. If
slopes were equal among treatments, analyses of covariance (ANCOVA) were used to
test for differences in intercepts of sex-specific W-L relationships between years and
among stocks or capture locations. Only fish 480-600 mm TL were included in these
analyses to ensure that covariate values were similar among stocks and capture locations
(Quinn and Keough 2001; Pope and Kruse 2007). In cases where slopes and intercepts of
W-L relationships were similar between years for an individual stock or capture location,
data from both years of sampling were pooled for comparisons among stocks and capture
locations. If slopes were equal among genetic stocks or capture locations, least-squares
means of log10 weights were compared among capture locations and genetic stocks using
Tukey-Kramer tests.
A single otolith from each lake whitefish were embedded in epoxy and thin
sectioned (0.7 mm sections) using a Buehler® Isomet® 1000 Precision saw mounted with
an Isomet® 15 HC 102 mm diamond-wafering blade (thickness 0.3 mm) (Buehler, Lake
Bluff, IL). Otolith sections were mounted to a glass slide using cyanoacrylic cement and
wet-polished with 1,000 grit 3M® sandpaper (3M, St. Paul, MN). A drop of immersion
oil was placed on each otolith section to improve image clarity. Annuli were enumerated
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by a single reader using a Nikon® SMZ800N dissecting microscope (3-4X magnification)
with transmitted light. Digital images of each otolith section (Figure 2) were captured
using a Nikon® DS-Fi2 camera mounted to the microscope (Nikon, Melville, NY).
Distance from center of the otolith nucleus to the outer edge of each annulus and the
radius of each otolith were measured from digital images using Image Pro® software
(Media Cybernetics, Rockville, MD). Otoliths were measured along two transects (sulcus
and dorsal) on each otolith section (Figure 2); transects were selected based on ability to
detect annuli.
Age structure for each genetic stock and capture location was described using
age-frequency plots, mean age, and the percentage of fish ≥ age 16, which represented
the upper quartile age observed for all fish. I assumed that age composition was not
independent between years, so I pooled data from both years of sampling. Mean ages
were compared among genetic stocks and capture locations using analyses of variance
(ANOVA) with stock or capture location as the main effect. Percentage of fish ≥ age 16
was compared among stocks and capture locations using chi-square tests.
To describe differences in growth among genetic stocks and capture locations, we
compared the predicted time in years required to reach 480 mm TL (t480), the TL at which
lake whitefish are fully vulnerable to commercial and tribal harvest in Lake Michigan
(Ebener et al. 2008), and asymptotic total length (TL∞). We described growth using von
Bertalanffy curves:
𝑇𝐿𝑡 = 𝑇𝐿∞ (1 − 𝑒 (−𝐾(𝑡−𝑡0 )) ),
where TLt represents predicted TL at age t. For describing growth, one year was added to
otolith annuli counts because we assumed lake whitefish had completed annual growth in
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TL by October. Von Bertalanffy models were fit using a fixed x-intercept (t0 = 0) because
several models did not converge when t0 was estimated, probably because of the lack of
younger, smaller fish (< 400 mm TL) in my samples. Von Bertalanffy curves were
compared among stocks using a likelihood ratio test (Kimura 1980). Asymptotic total
length (TL∞) was estimated from this equation and differences in TL∞, among capture
locations and genetic stocks were identified by lack of overlap among 95% confidence
intervals calculated from standard errors estimated in the PROC NLIN procedure in
SAS® statistical software (Cary, North Carolina). Time in years required to reach 480 mm
TL was calculated as:
480
𝑡480 = (log (−1 ∗ ((
) − 1)) − 𝐾 ∗ (𝑡0 ))/−𝐾
𝐿∞
I calculated instantaneous natural mortality rate (M) using an adapted version of
Pauly’s (1980) formula for each stock and capture location. I used Von Bertalanffy
parameters (i.e., Brody-Bertalanffy growth coefficient [K]), asymptotic total length
(TL∞), and a constant temperature (T = 6° C which is the temperature used by managers of
the lake whitefish commercial fishery when calculating M for the SCAA model (Ebener
et al. 2005)). The adapted version of Pauly’s (1980) equation I used to calculate M is also
used by managers of the lake whitefish commercial fishery (Ebener et al. 2005):
𝑙𝑜𝑔𝑒 (𝑀) = −0.0238 − 0.277𝑙𝑜𝑔𝑒 (𝑇𝐿∞ ) + 0.655 𝑙𝑜𝑔𝑒 (𝐾) + 0.465𝑙𝑜𝑔𝑒 (𝑇)
I used linear regressions to determine if otolith radius explained significant
variation in TL and loge TL for both otolith transects. I used otolith measurements from a
random subsample of 400 fish to fit the regression models and selected the otolith
transect that provided the lowest residual sum of squares as the best transect for
predicting TL of lake whitefish from otolith measurements. I used otolith measurements
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along this transect from 400 randomly selected fish that were not used to fit the
regression model to test model accuracy. I would only use the best-fit model to backcalculate TLs of lake whitefish at previous ages if the average difference between
observed TLs for the 400-fish test sample and TLs predicted from the model was ≤ 10
mm.
Fecundity was estimated for each female fish using a gravimetric approach, where
eggs were enumerated in 0.4-1.0 g subsamples removed from randomly-selected
locations in the ovary. To determine the minimum number of 0.4-1.0 -g subsamples
needed to estimate fecundity for an individual female, I counted 30 subsamples from
ovaries of 13 different female fish that were randomly-selected from each 25-mm TL
group represented in my samples (i.e., 1-2 fish selected from each TL group). For each
number of subsamples (i.e., 1–30 subsamples), fecundity was estimated by multiplying
the mean number of eggs per gram (i.e., a running average) by total ovary weight. For
each of the 13 females, I determined the minimum number of subsamples required to
ensure that my fecundity estimates were within the 95% confidence interval of the
fecundity estimate that would have been obtained by counting all 30 subsamples. I
averaged this minimum subsample value across all 13 fish and determined that 10
subsamples of 0.4-1.0 g should be counted per female. Fecundity for all remaining
females was calculated by multiplying the mean number of eggs per gram estimated from
the 10 subsamples by total ovary weight. Fecundity was loge transformed to normalize
the distribution of residuals. Slopes of loge fecundity-weight relationships were compared
between years and among stocks or capture locations using analysis of variance
(ANOVA). If slopes were equal among treatments, analysis of covariance (ANCOVA)
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was used to test for differences in intercepts of loge fecundity-weight relationships
between years and among stocks or capture locations. Only fish 480-600 mm TL were
included in these analyses to ensure that covariate values were similar among stocks and
capture locations. To identify specific differences among genetic stocks and capture
locations, least-squares means of loge fecundity were compared at the overall mean
weight among genetic stocks and capture locations using Tukey-Kramer tests.
Eggs from three digital images obtained at time of fish collection were measured
in Image Pro® software using the diameter of the petri dish (88.7 mm) as the reference
distance. Thirty egg diameters per photo were used to generate a mean egg diameter for
each female. Mean egg diameters were loge transformed to normalize the distribution of
residuals. Slopes of loge egg diameter-weight relationships were compared between years
and among stocks or capture locations using ANOVA. If slopes were similar among
treatments, ANCOVA were used to test for differences in intercepts of loge egg diameterweight relationships between years and among stocks or capture locations. To ensure
covariate values were similar among genetic stocks and capture locations, only females
between 1,000 and 2,000 g were used in the comparison. Least-squares means of loge egg
diameters were compared at the overall mean weight among sampling locations and
genetic stocks using Tukey-Kramer tests.
RESULTS
Genetic Assignment
A total of 1,528 lake whitefish (both study years combined) were collected in
October of 2012 and October of 2013 from 6 management zones (Table 2) and
approximately 77% (N = 1,176) of these fish were assigned to the genetic stock that was
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expected based on capture location. One hundred eighty-seven fish (approximately 12%)
were assigned to genetic stocks that were considered geographically proximal to the stock
that would have been expected based on capture location. Approximately 11% (n = 165)
of the fish I collected did not assign to a specific stock with a probability ≥ 0.7.
Only fish from the Southern (SOU) stock were collected from WFM-07 (N = 150)
and WFM-08 (N = 277), all 249 fish collected from WFM-05 assigned to the Northeast
(NOE) stock and all fish (N = 307) collected in WFM-01 were from the Big Bay de Noc
(BBN) stock. Of the 70 fish I collected from Elk Rapids (ER), 4 fish assigned to the ER
stock, 58 assigned to the NOE stock, and 8 did not assign to a stock with a probability ≥
0.7. The 249 fish I collected from WFM-03 assigned to the NOE (N = 67) or the NOR
stock (N = 78) and 104 did not assign to a stock with a probability ≥ 0.7. In WI-2, 62 of
the fish I collected assigned to the BBN stock, 111 assigned to the Green Bay (GB) stock,
and 53 did not assign to a stock with a probability ≥ 0.7 (Table 3).
Biological Characteristics
For all ANCOVA and ANOVA comparisons, year did not explain significant
variation in response variables, so data from both years were pooled for analyses. Mean
TL of lake whitefish at different capture locations ranged from 467-545 mm and was
significantly different among locations (F = 127; df = 6, 1,517; P < 0.001; Figure 3.)
Generally, fish sampled from the northwest (WFM-01 and WI-2) and southern (WFM-07
and WFM-08) portions of Lake Michigan had similar mean TLs (mean TLs = 527-545
mm) that were significantly higher than mean TLs observed for fish in WFM-03 (mean
TL = 479 mm). Additionally, mean total lengths for fish in WFM-03 were significantly
higher than mean TLs observed for fish in WFM-05 (mean TL = 467 mm). Mean TL of
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lake whitefish for individual genetic stocks ranged from 481-549 mm and was
significantly different among stocks (F = 109; df = 4, 1,345; P < 0.001; Figure 5)
Generally, fish sampled from BBN, GB and SOU stocks (mean TLs = 529-549 mm) were
longer on average than fish sampled from the NOR and NOE stock (mean TLs = 481 and
481 mm respectively; Figure 4.)
Percentage of fish > 552 mm TL at different capture locations ranged from 3-47%
and was significantly different among locations (F = 154; df = 6, 1,377; P < 0.001;
Figure 5). WI-2 had a significantly higher percentage (47%) of fish > 552 mm than all
other capture locations. Elk Rapids (33%), WFM-08 (33%), WFM-01 (24%), and WFM07 (24%) had a significantly higher percentage of fish > 552 mm than WFM-03 (3%) and
WFM-05 (8%). Percentage of fish > 552 mm TL for individual genetic stocks ranged
from 4-50% and was significantly different among stocks (F = 80; df = 4, 1,204; P <
0.001; Figure 6). Green Bay had significantly higher percentage (50%) of fish > 552 mm
than all other stocks. The BBN and SOU stocks had a significantly higher percentage of
fish > 552 mm TL (≥ 28%) than the NOR (5% of fish > 552 mm TL) and NOE stocks
(13% of fish > 552 mm TL).
Slopes of female W-L relationships were not significantly different among
capture locations (F = 0.37; df = 6, 481; P = 0.897), but intercepts were different (F =
15.9; df = 6, 507; P < 0.001; Figure 7). Similarly, slopes of male W-L relationships were
not significantly different among capture locations (F = 1.09; df = 6; P = 0.365), but
intercepts were significantly different (F = 37.1; df = 6, 457; P < 0.001; Figure 8). Backtransformed predicted weights of females at 535 mm TL (i.e., overall mean TL of
females in sample) ranged from 1,315 to 1,536 g among capture locations (Figure 9).
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Back-transformed predicted male weights at 535 mm TL (i.e., overall mean TL of males
in sample) ranged from 1,214 to 1,433 g among capture locations (Figure 10). Results of
Tukey-Kramer pairwise comparisons of female and male weights at 535 mm TL are
reported in Figures 9 (females) and 10 (males) as the observed differences could not be
easily summarized in a geographic context.
Slopes of female W-L relationships were not significantly different among genetic
stocks (F = 0.43; df = 4, 445; P = 0.860), but intercepts were different (F = 15.2; df = 4,
445; P < 0.001; Figure 11). Back-transformed female weights at 535 mm TL (i.e., overall
mean TL of females in sample) ranged from 1,350 to 1,478 g among genetic stocks
(Figure 12). Based on Tukey-Kramer multiple comparison tests, female whitefish from
the SOU stock were significantly heavier than whitefish from BBN, GB, and NOE
stocks, but were not significantly heavier than whitefish from the NOR stock. No other
differences were identified (Figure 12).
Slopes of male W-L relationships were not significantly different among genetic
stocks (F = 0.68; df = 4, 431; P = 0.608), but intercepts were significantly different (F =
39.4; df = 4, 431; P < 0.001; Figure 13). Back-transformed male weights at 535 mm TL
(i.e., overall mean TL of females in sample) ranged from 1,223 to 1,362 g among genetic
stocks (Figure 14). Tukey-Kramer multiple comparison tests indicated that males from
northwestern stocks (GB and BBN) weighed significantly less than males from NOE and
SOU stocks (Table 12). No other differences were identified (Figure 14).
Mean age of lake whitefish captured at different locations ranged from 9.1 to 15.0
years and was significantly different among capture locations (F = 71; df = 6, 1,010; P <
0.001; Figure 17). Results of Tukey-Kramer pairwise comparisons of mean age are
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reported in Figure 17 as the observed differences could not be easily summarized in a
geographic context. Mean age of lake whitefish from individual genetic stocks ranged
from 9.79 to 14.8 years and was significantly different among stocks (F = 83.5; df = 4,
1,008; P < 0.001). Mean ages were highest for lake whitefish stocks associated with the
northwest region of Lake Michigan (BBN and GB; mean age = 14.8 and 13.8 years,
respectively). The youngest fish on average were from the NOR stock (10.8 years) and
the NOE stock (9.79 years) regions of the lake. Fish from the SOU stock were
significantly older (mean age = 12.4 years) than fish from the northern and northeast
region of the lake and were significantly younger than fish from the northwest region of
the lake (Figure 18).
Percentage of whitefish ≥ age 16 captured at different locations ranged from 4 to
51% and was significantly different among locations (χ2 = 196; df = 6, 1,016; P < 0.001).
Results of pairwise comparisons of percentage of whitefish ≥ age 16 are reported in
Figure 19, as observed differences could not be easily summarized in a geographic
context. Percentage of lake whitefish ≥ age 16 ranged from 7 to 49% among genetic
stocks and was significantly different among stocks (χ2 = 150; df = 4, 1,013; P < 0.001).
Stocks in the northwestern region of Lake Michigan (BBN and GB; 49% and 49%
respectively) had more fish ≥ 16 than the SOU stock (20%), which had more fish ≥ 16
than the NOE (10%) and NOR (7%) stocks (Figure 20).
Likelihood-ratio tests indicated Von Bertalanffy growth curves were significantly
different among capture locations (F = 36; df = 12; P < 0.001). Pairwise comparisons
suggested that the growth trajectory of fish from WFM-07 was not significantly different
than ER. All other capture locations had significantly different growth trajectories.
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Likelihood-ratio tests indicated Von Bertalanffy growth curves were also significantly
different among genetic stocks (F = 23.4; df = 8; P < 0.001). Pairwise comparisons
suggested that the growth trajectory of fish from the BBN stock was not significantly
different than the NOE stock. All other stocks had significantly different growth
trajectories
Asymptotic TL (TL∞) ranged from 497 to 565 mm and was significantly different
among capture locations. Results of pairwise comparisons of asymptotic TL are reported
in Figure 21, as observed differences could not be easily summarized in a geographic
context. Asymptotic TL (TL∞) ranged from 500 to 561 mm and was significantly
different among genetic stocks (Figure 22). Asymptotic TL for the NOR stock was
significantly lower than all other stocks, and this was the only significant difference
identified among stocks.
Time in years required to reach 480 mm TL (t480) ranged from 6.52-10.5 years
among capture locations. Fish from ER were predicted to attain 480 mm TL in the least
amount of time (6.52 years), followed by fish from WFM-08 (6.59 years), WFM-07 (7.14
years), WI-2 (8.01 years), WFM-05 (10.0 years), WFM-01 (10.3 years), and WFM-03
(10.5; Figure 23). Time in years required to reach 480 mm TL (t480) ranged from 6.749.90 years among genetic stocks. Fish from the SOU stock were predicted to reach 480
mm TL in the least amount of time (6.74 years) followed by GB (7.31 years), NOE (9.41
years), BBN (9.75 years), and NOR (9.90 years; Figure 24).
Estimates of natural mortality (M) ranged from 0.13 to 0.19 among capture
locations (Table 5). Natural mortality for fish from WFM-01 was lowest (0.13), followed
by WFM-05 (0.14), WI-2 (0.15), WFM-08 (0.17), ER (0.18), WFM-07 (0.18) and WFM-
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03 had the highest natural mortality (0.19). Estimates of natural mortality (M) ranged
from 0.14 to 0.19 among genetic stocks (Table 6). Natural mortality for fish from BBN
and NOE were lowest (0.14 and 0.14 respectively) followed by GB (0.16), SOU (0.18),
and NOR had the highest natural mortality (0.19).
Whitefish TL was not strongly correlated with dorsal and sulcus otolith radii
(Figure 25 and Figure 26), although otolith radii explained significant variation in
whitefish TL (dorsal: F = 280; df = 399; P < 0.001; sulcus: F = 295; df = 399; P < 0.001).
Dorsal radius explained the largest amount of variation in lake whitefish TL (R2 = 0.40),
but mean difference in predicted TLs and observed TLs from the sample of test fish was
38 mm. Therefore, I did not back-calculate TLs of lake whitefish at previous ages using
otolith measurements.
Slopes of female loge gonad weight-fish weight relationships were not
significantly different among capture locations (F = 1.05; df = 6, 350; P = 0.390), but
intercepts were significantly different among capture locations (F = 2.52; df = 6, 350; P =
0.021; Figure 27). Back-transformed female gonad weights at 1,373 g (i.e., overall mean
weight of females in sample) ranged from 152 to 183 g among capture locations. No
significant differences were detected in female gonad weights among capture locations
(Figure 28).
Slopes of male loge gonad weight-fish weight relationships were not significantly
different among capture locations (F = 0.37; df =6, 320; P = 0.896), but intercepts were
significantly different (F = 3.30; df = 6, 320; P = 0.004; Figure 29). Back-transformed
male gonad weights at 1,321 g (i.e., overall mean weight of males in sample) ranged from
19 to 25 g among capture locations. Tukey-Kramer comparisons indicated that male lake
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whitefish from ER and WFM-01 had significantly lower gonad weights than males from
WFM-05, and males from WFM-07 had significantly higher gonad weights than males
from WFM-05. Male gonad weights among remaining capture locations were not
significantly different (Figure 30).
Slopes and intercepts for loge gonad weight-fish weight relationships were not
significantly different for females among genetic stocks (F = 0.63; df = 4, 352; P = 0.644;
F = 0.63; df = 4, 352; P = 0.644; Figure 31). Female gonad weights at 1,373 g (i.e.,
overall mean weight of females in sample) ranged from 157 to 167 g among genetic
stocks. There were no significant differences in female gonad weights among genetic
stocks (Figure 32).
Slopes and intercepts for loge gonad weight-fish weight relationships were not
significantly different for males among genetic stocks (F = 0.61; df = 4, 333; P = 0.654;
F = 0.50; df = 4, 333; P = 0.733; Figure 33). Male gonad weights at 1,321 g (i.e., overall
mean weight of males in sample) ranged from 19 to 25 g among capture locations. The
mean weight of all males in this comparison was 1,321 g. There were no significant
differences in male gonad weights among genetic stocks (Figure 34).
Slopes for loge fecundity-weight relationships were not significantly different
among capture locations (F = 1.63; df = 6, 372; P = 0.138), but intercepts were
significantly different (F = 3.33; df = 6, 372; P = 0.003; Figure 35). Back-transformed
predicted fecundity for a 1,373 g female (i.e., the mean weight of females in the sample)
ranged from 21,454 to 28,114 eggs per female among capture locations (Figure 33). Loge
fecundity was significantly higher for fish from ER than for fish collected from WI-2.
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Loge fecundity was not significantly different among remaining capture locations (Figure
36).
Slopes of loge fecundity-weight relationships were not significantly different
among genetic stocks (F = 0.61; df = 4, 350; P = 0.654), but intercepts were significantly
different (F = 4.15; df = 4, 350; P = 0.003; Figure 37). Back-transformed predicted
fecundity for a 1,373 g female (i.e., the mean weight of females in the sample) ranged
from 23,612 to 29,775 eggs per female among genetic stocks. Loge fecundity of fish from
the GB stock was significantly lower than for fish from the SOU and NOE stocks. Loge
fecundity was not significantly different among remaining genetic stocks (Figure 38).
Slopes of egg diameter-fish weight relationships were not significantly different
among capture locations (F = 0.89; df = 6, 346; P = 0.500) and not significantly different
than zero (F = 0.95; df = 1, 346; P = 0.331); however, intercepts were significantly
different among capture locations (F = 6.47; df = 6, 346; P < 0.001; Figure 39). Backtransformed predicted egg diameters at 1,373 g (i.e., the mean weight of females in the
sample) ranged from 2.05 to 2.16 mm among capture locations. Loge egg diameters from
WFM-08 were significantly smaller than all other capture locations and loge egg
diameters for fish from WI-2 were significantly larger than loge egg diameters for WFM07. Loge egg diameters were not significantly different among remaining capture
locations (Figure 40).
Slopes of loge egg diameter-weight relationships were not significantly different
among genetic stocks (F = 1.65; df = 1, 341; P = 0.161) and not significantly different
than zero (F = 1.47; df = 4, 341; P = 0.223); however, intercepts were significantly
different among genetic stocks (F = 11.2; df = 4, 341; P < 0.001; Figure 41). Back-
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transformed predicted egg diameters at 1,373 g (i.e., the mean weight of females in the
sample) ranged from 2.04 to 2.22 mm among genetic stocks. BBN loge egg diameter was
significantly smaller than loge egg diameter for the GB stock. Loge egg diameters from
GB were significantly larger than NOE and SOU. Loge egg diameters were not
significantly different among remaining genetic stocks (Figure 42).
DISCUSSION
Approximately 11% (N = 165) of the fish sampled in this study did not assign to a
specific genetic stock. The majority of these fish were sampled in WFM-03 (n = 104),
and at this capture location genetic assignment was split between the NOR and NOE
stocks. Spawning locations in these regions of Lake Michigan are spatially proximal and
may represent a continuum rather than distinct spawning reefs (M. Ebener, CORA;
personal communication). Spawning whitefish may stray to adjacent or nearby spawning
areas as historic or natal grounds are populated by increasing whitefish populations
(Madenjian et al. 2002). This mixing of spawning stocks could explain why genetic
assignment was low at this capture location.
While several previous studies have reported differences in biological
characteristics of lake whitefish collected at different sampling locations in Lake
Michigan (Ebener and Copes 1985; Scheerer and Taylor; 1985; Prout 1989; Walker et al.
1993; Wagner et al. 2010), my research is the first to demonstrate that biological
characteristics of lake whitefish varied among both capture locations and genetic stocks.
In general, observed variation in biological characteristics was spatially consistent
between genetic stock assignment and stock assignment based on capture location,
largely because fish collected from WFM-08, WFM-07, WFM-05, and WFM-01 always
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assigned to the expected stock based on geographic location. This was not the case for
WFM-03, where fish from the NOR and NOE were collected and for WI-2, where fish
from GB and BBN stocks were collected. However, biological characteristics were
similar between the two stocks collected at these locations. While misidentification of
genetic stocks at these locations in October would provide biased estimates of stockspecific harvest and abundance, incorrect stock identification would not greatly affect
estimates of the biological characteristics I calculated. Consequently, October appears to
provide a useful sampling period for describing the biological characteristics of lake
whitefish stocks, without the need for genetic analyses of all fish. However, systematic
genetic analysis of some fish would allow for continued verification of this assertion and
would be needed to estimate stock-specific harvest and abundance.
The ER stock was described as being genetically distinct by VanDeHey et al.
(2009), and other studies have proposed that temperature and bathymetry limit mixing of
these fish with fish in the outer portions of Grand Traverse Bay (GTB) and the main
basin (Walker et al.1993). Based on these previous studies, I expected all fish captured in
the east arm of GTB to assign to the ER stock, but the majority of these whitefish
assigned to the NOE stock. This may be a result of a single year of data in the reference
data set (i.e., there are two years available for all other stocks), and low sample size in the
reference data used to assign individuals to genetic stocks (n = 73 for ER and n > 200 for
all other stocks). Additional sampling of lake whitefish from this location is needed to
increase sample size in the reference dataset which should increase resolution of genetic
assignments for this stock. Alternatively, the ER sampling location is adjacent to
management zones known to have NOE lake whitefish, and mixing of the stocks may
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occur because of spatial proximity. Additionally, peak spawning period for lake whitefish
in Lake Michigan is during middle to late November and my sample date was in late
October. It is possible that ER and NOE fish were not segregated to their respective
spawning locations at the time of sampling resulting in a mixed-stock sample.
Size structure was significantly different among capture locations and genetic
stocks and differences were consistent between the two stock classification methods. Size
structure is influenced by the three dynamic rates, and the observed differences suggest
that lake whitefish stocks are experiencing differing pressures. In stocks with high
proportions of fish > 552 mm recruitment may be lower than stocks with higher
proportions of larger fish (Healey 1975). However; stocks with low proportions of fish >
552 mm may have lower growth potential and increased mortality compared to other
stocks (Healey 1975).
Weight-length relationships were significantly different among capture locations
and genetic stocks and these differences were consistent between the two stock
classification methods. Many of the inputs for the Lake Michigan whitefish SCAA model
are weight based, including mean weight-at-age of harvested fish, mean weight of
harvested fish and zone-specific weights at age (Ebener et al. 2005). The largest observed
difference in weight-at-length was 187 g (14 %) among capture locations and 133 g
(10%) among genetic stocks. These differences were likely not large enough to greatly
affect management decisions for the lake whitefish fishery in Lake Michigan. However,
monitoring temporal trends in stock-specific W-L relationships (i.e., body condition)
remains important because changes in these relationships could reflect spatial variation in
food web dynamics (Pothoven et al. 2001). Reductions in lake whitefish body condition
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have been related to poor gamete quality, low fertilization rates, and decreased
recruitment (Marshall and Frank 1999; Pangle et al. 2004; Blukacz et al. 2010). For
example, Blukacz et al. (2010) determined that lower condition of male lake whitefish
had an adverse effect on sperm swimming speed and gonadal investment. Additionally, in
a laboratory setting, Wedekind and Müller (2004) determined that lower male lake
whitefish condition was correlated with higher mortality rates of embryos at 30 - 60 d
post-fertilization.
Significant differences in age structure were identified among genetic stocks, but
these differences were reflected whether genetics or capture locations were used for stock
assignment. Obtaining accurate and precise age estimates is critically important to lake
whitefish management because many of the SCAA model inputs are age-based (Ebener
2005). Currently, fin rays are the primary structure used to estimate the ages of lake
whitefish in Lake Michigan, but fin rays generally underestimate age for whitefish ≥ age
10 when compared to otolith ages (Muir et al. 2008). My otolith ages indicated that a
higher proportion of lake whitefish ≥ age 10 were present in Lake Michigan than were
observed in a previous otolith-based assessment of whitefish ages (Muir et al. 2008).
Muir et al. (2008) reported a mean otolith age for lake whitefish collected from WI-2 of
8.8 years while the mean otolith age of whitefish in my samples from WI-2 was 15 years.
I observed the same trend for two other locations sampled by Muir et al. (2008). The
observed increase in mean age could suggest survival has increased, but older mean ages
could also indicate poor recruitment in recent years. Currently, age classes ≥ 9 or ≥ 12 are
grouped in SCAA models, depending on management zone. Age 9 was the youngest
mean age I observed among capture locations and genetic stocks, and three stocks had
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mean ages ≥ 12. Based on the age structure of lake whitefish in my samples, I would
suggest pooling of age classes ≥ 12 for all management zones in SCAA models to better
represent the stock dynamics. Additionally, apparent shifts in lake whitefish age structure
suggest that use of otoliths is recommended to obtain more accurate estimates of agebased stock metrics. An ongoing comparison of lake whitefish ages estimated from
otoliths and fin rays being conducted by the Fisheries Analysis Center at the University
of Wisconsin-Stevens Point will help to determine the potential effects of using these
structures on the estimation of lake whitefish stock characteristics and management.
Growth metrics were also significantly different among genetic stocks and capture
locations and these differences were consistent among the two stock assignment methods.
Natural mortality rate is an important component of the SCAA models, because managers
are attempting to balance fishing and natural mortality rates in determining sustainable
yields. Consequently, monitoring differences in growth among stocks is important
because differences in these growth parameters affect harvest management. I determined
that estimates of natural mortality for each genetic stock and its corresponding capture
location were similar (Table 5 and Table 6). However, differences in growth metrics
among genetic stocks and among capture locations were likely large enough to require
separate parameter estimation for each genetic stock or each capture location in the
SCAA.
Exploitation can affect lake whitefish growth rates, and growth responses could
vary among stocks (Healy 1975; Healey 1980). Healey (1975) reported that populations
of lake whitefish with low natural mortality and slow growth rates have the greatest
potential to respond to exploitation with increased growth and these populations may
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provide higher yields. Moreover, Healey (1975) suggested that exploited whitefish
populations with the lowest yield potential are those with fast growth rates and high
natural mortality. If the assertions of Healey (1975) are correct, my growth and age
structure data suggests that the BBN and GB stocks of lake whitefish currently have the
greatest potential for higher yields because of relatively slow growth and high
percentages of older fish, suggesting relatively low mortality. Conversely, lack of
younger fish could also be an indicator of poor recruitment in recent years. The NOR and
NOE stocks appear to have the lowest potential for yield benefits based on the assertions
of Healey (1975) because these stocks exhibit relatively fast growth and are comprised of
relatively few older fish, suggesting relatively high mortality, but the relative lack of
older fish in these stocks could be a result of higher rates of exploitation and not high
natural mortality.
I was unable to back-calculate lake whitefish TLs at previous ages because TL
was not strongly related to otolith radius. Previous studies have reported slightly
curvilinear relationships between TL and otolith radius for white crappie Pomoxis
annularis, smallmouth bass Micropterus dolomieu, and walleye Sander vitreus (Maceina
and Betsill 1987; Heidinger and Clodfelter 1987; Casselman 1990), but a curvilinear
relationship was not apparent in my data. I completed a regression analysis of the TLotolith radius relationship for 50 Lake Michigan lake whitefish (genetic stock unknown)
archived by the Wisconsin DNR ranging in TL from 111-362 mm and for these smaller
fish, otolith radius explained 89% of the variation in TL. My analyses suggest that the
relationship between TL and otolith radius uncouples at approximately 400 mm TL. Mills
and Chalanchuk (2004) back-calculated whitefish lengths at previous ages using
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measurements from fin rays, and a regression of fin ray radius against fork length also
indicated an uncoupling of the TL-fin ray radius relationship at approximately 400 mm
TL. Uncoupling of relationships between fish length and measurements of calcified
structures has also been reported for muskellunge Esox masquinongy and northern pike
Esox lucius (Casselman 1990), as well as lake trout and Arctic char Salvelinus alpinus
(Mosegaard et al. 1988). Additional factors could affect the relationship between fish
growth and growth of the otoliths, such as timing of maturation, sex, genetic stock, water
chemistry, temperature, prey availability, and other environmental cues (Casselman
1990). I conducted multiple regressions incorporating sex, stock, age, capture location,
and otolith weight as additional predictors of lake whitefish TL, which increased R2 to a
maximum 0.65, but average differences between observed TLs and those predicted from
the regression model remained ≥ 10 mm.
Fecundity was significantly different among genetic stocks and capture locations
and these differences were also consistent among stock assignment methods. Previous
research on lake whitefish fecundity is limited, probably because estimation is timeconsuming and tedious, but monitoring fecundity could be important if increased egg
production is a compensatory response to increased exploitation (Nikolsky 1962; Healey
1975; Healey 1978; Dahlgren 1980). Healey (1978) demonstrated that mean fecundity of
lake whitefish in three previously unexploited lakes increased after experimental
exploitation occurred, while fecundity in an adjacent unexploited population did not
change. The Lake Michigan Modeling Subcommittee (MSC) currently uses a value of
19,937 eggs per kg to estimate lake whitefish fecundity in all the SCAA models,
regardless of management zone. In my samples, average fecundity for all female fish was
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17,612 eggs per kg. While the numerical difference between these two estimates is
relatively small (approximately 2,300 eggs), when extrapolated to the stock level the
difference could affect estimates of reproductive potential. My fecundity estimates
provide fishery managers with recent, stock-specific fecundity estimates, which could
provide a more accurate means of describing reproductive potential of lake whitefish.
Egg diameters were not related to weight of lake whitefish collected from Lake
Michigan, which is consistent with the results of a previous study (Wedekind and Müller
2004). Egg diameters were similar to values reported by Wedekind and Müller (2004;
2.10 to 2.35 mm with an overall mean of 2.23 mm), but egg diameters were different
among stocks. The importance of these differences is unknown at this time. A previous
study suggested that egg size had a positive effect on growth of rainbow trout
Oncorhynchus mykiss fry 8 weeks post-fertilization, but the effect was no longer apparent
four weeks later, and egg diameter and size of fry were not correlated (Springate and
Bromage 1985). Additionally, survival rates to eyed egg stage, hatch, and swim-up were
not correlated with egg diameter (Springate and Bromage 1985). Egg diameters are not
inputs for lake whitefish SCAA models, so differences among stocks would not directly
alter management decisions. However, Brown and Taylor (1992) concluded that growth
and survival of larval lake whitefish might be influenced by egg composition (i.e.,
percent water, total caloric content, caloric density, percent lipid content, and total lipid
content) and similar relationships have been demonstrated for Atlantic cod Gadus
morhua and common nase Chondrostoma nasus (Keckeis et al. 2000; Ouellet et al.
2001). Egg diameter was not correlated with egg survival or hatching success for Atlantic
cod and the common nase, but was significantly correlated with larval survival for these
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species (Pepin et al. 1997; Nissling et al. 1998; Trippel 1998; Marteinsdottir and
Steinarsson 1998; Keckeis et al. 2000). Wedekind and Müller (2004) indicated that egg
diameter and egg mortality were not correlated for lake whitefish from Lake Hallwil in
central Switzerland, but did not examine the relationship between egg diameter and larval
survival. An investigation of this relationship could determine if differences in egg
diameters among stocks affect larval lake whitefish survival rates. Moreover, Wedekind
and Müller (2004) indicated that eggs from larger, older female lake whitefish may
exhibit higher mortality and lower hatch success, suggesting that maternal traits may be
more important predictors of reproductive success than egg diameters.
I was unable to collect data to compare maturation schedules among stocks,
which represents another important metric used in standard stock assessments. The
minimum length limit (432 mm) for the commercial fishery was established to ensure
whitefish have the opportunity to mature and spawn at least once before becoming fully
vulnerable to commercial gear at 480 mm (Ebener 2008) and I only encountered 23
immature fish in my samples. I attempted to coordinate sampling of smaller fish for all
stocks, but opportunities were limited because of my reliance on commercial fishers for
sample collection.
MANAGEMENT IMPLICATIONS
Statistical catch at age models are used by fishery managers to predict lake
whitefish abundance in Lake Michigan over time and to determine total allowable catch
(TAC). These models rely on a variety of input data, including age composition of the
harvest, mean weight of harvested fish, mean weight at age, von Bertalanffy growth
coefficients, fecundity estimates. Model inputs are intended to describe the biological
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characteristics of spawning aggregations within each management zone, although
managers are aware that mixing of stocks does occur (Ebener et al. 2005). Based on my
results, sampling lake whitefish harvested by commercial fishers during the month of
October would provide fishery managers with a reliable means of describing the stockspecific biological characteristics used in my study. However, without some level of
genetic testing, mixing of stocks at some locations would confound estimation of stock
abundance and harvest. Furthermore, my research has provided fishery managers with
current estimates of several important SCAA model inputs that could improve model
accuracy for certain management zones.
Increases in mean age can be indicative of recruitment failure in a fishery (Ricker
1981; Marsden and Robillard 2004; Wilberg et al. 2005). For example, before the
collapse of the yellow perch Perca flavescens fishery in Lake Michigan, higher
proportions of older fish and increases in mean age were apparent and changes in these
metrics and others ultimately led to the closure of the fishery (Heyer et al. 2001; Marsden
and Robillard 2004; Wilberg et al. 2005). Apparent increases in the mean age of some
lake whitefish stocks could be indicative of recent declines in recruitment and trends in
this metric or other recruitment-based metrics should be monitored closely to determine if
declining recruitment is an issue for certain stocks. The apparent increase in mean age
was largest for lake whitefish collected from the northwestern region of Lake Michigan
where the mean age of lake whitefish has increased by more than 5 years since 2004, but
other locations exhibited less dramatic increases. Because mean age and other age-based
metrics represent important metrics for monitoring stock status, obtaining accurate and
precise age estimates is important. Currently, most fishery managers rely on fin rays to
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estimate lake whitefish age. Fin rays have been shown to underestimate ages of lake
whitefish over age 10 compared to otoliths (Muir et al. 2008). Switching to otoliths as the
primary structure for lake whitefish age estimation would likely provide higher amongreader precision. This transition would better represent the age structure of lake whitefish
in Lake Michigan if we assume otoliths provide more accurate whitefish ages than fin
rays, which has been demonstrated for other species where comparisons of accuracy
between otoliths and fin rays or spines have been conducted (Buckmeier et al. 2002).
Making this change in age estimation protocols could help managers detect problems
such as recruitment failure and overexploitation.
There were observed differences in certain metrics that are important for
managers to consider. Specifically, differences in size structure, age structure and growth
among stocks were likely large enough to affect model outputs which would ultimately
affect management decisions. Grouping certain stocks geographically (i.e. northwestern;
BBN and GB, Northern; NOE and NOR, and Southern; SOU) would likely not affect
decisions as the stocks within these groupings were not significantly different. Certain
metrics may not be as important for managers to consider (i.e., egg diameters and gonad
weights) because they are not directly used in their decision framework. Additionally,
some metrics that may affect inputs for the SCAA model (i.e., W-L relationships and
fecundity) were significantly different among stocks, but the magnitude of the difference
may not be large enough to greatly alter model outputs and management decisions if
stocks were grouped as suggested previously.
Overall, there appears to be four groups of lake whitefish that exhibited
meaningful differences in biological characteristics that could influence model outputs
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and management decisions. The ER and SOU stocks are biologically different than one
another and all other stocks, BBN and GB stocks are biologically similar, but different
than all other stocks. The NOR and NOE stocks are similar to each other but different
than all other stocks. Differences among genetic stocks were apparent; however, the
observed differences between geographically proximal stocks were generally slight and
probably not sufficient to greatly affect estimates of model parameters. Sampling these
stocks simultaneously to estimate the biological characteristics used in my study would
likely not affect management decisions in the commercial fishery.

58

REFERENCES
Adams, P.B. 1980. Life history patterns in marine fishes and their consequences for
fisheries management. Fishery Bulletin. 78:1-12.
Allendorf, F.W., G. Luikart, and S.A. Aitken. 2013. Conservation and the genetics of
populations, Second Edition Wiley-Blackwell, Hoboken, New Jersey.
Anderson, E.C., R.S. Waples, and S.T. Kalinowski. 2008. An improved method for
estimating the accuracy of genetic stock identification. Canadian Journal of
Fisheries and Aquatic Sciences. 65:1475-1486.
Andvik, R.T. 2012. Mixed-stock analysis of Lake Michigan’s lake whitefish
(Coregonus clupeaformis) commercial fishery. Master’s Thesis. College of
Natural Resources, University of Wisconsin-Stevens Point, Stevens Point, WI.
Andvik, R., L. Nathan, J. VanDeHey, R. Claramunt, S. Hansen and T. Sutton. 2011.
Mixed-stock analysis of Lake Michigan’s lake whitefish commercial fishery and
historical integrity of resolved genetic stocks.
Beauchamp, K.C., N.C. Collins, and B.A. Henderson. 2004. Covariation of growth
and maturation of lake whitefish (Coregonus clupeaformis). Journal of Great
Lakes Research. 30:451-460.
Begg, G.A. and J.R. Waldman 1999. An holistic approach to fish stock identification.
Fisheries Research. 43:35-44.
Beverton, R.J.H. 1963. Maturation and growth of clupeid and engraulid stocks in
relation to fishing. International Council for the Exploration of the Sea. 154:4467.
Brown, R. W., and W. W. Taylor. 1992. Effects of egg composition and prey density
on the larval growth and survival of lake whitefish (Coregonus clupeaformis).
Journal of Fish Biology. 40:381-394.
Buckmeier, D.L., E.R. Irwin, R.K. Betsill, and J.A. Prentice. 2002. Validity of otoliths
and pectoral spines for estimating ages of channel catfish. North American
Journal of Fisheries Management. 22:934-942.
Cadrin, S.X., K.D. Friedland, and J.R. Waldman 2005. Stock identification methods;
applications in fishery science. Elsevier Academic Press. Burlington,
Massachusettes.
Casselman, J.M. 1990. Growth and relative size of calcified structures of fish.
Transactions of the American Fisheries Society. 119: 673-688.
Casselman, J.M., K.T. Scribner, and G.R. Spangler. 2001. Review of the lake
whitefish stocks in northern Lake Michigan, with special reference to stock

59

structure and spawning site distribution in relation to Green Bay. Lake
Michigan Technical Committee Meeting, July 17, 2001.
Dahlgren, B.T. 1980. The effects of population density on fecundity and fertility in the
guppy Poecilia reticulata. Journal of Fish Biology. 15:71-91.
De Woody, J. A. 2005. Molecular approaches to the study of parentage, relatedness,
and fitness: practical applications for wild animals. Journal of Wildlife
Management. 69:1400-1418.
Ebener, M.P. 1980. Population dynamics of lake whitefish Coregonus clupeaformis in
Green Bay and Lake Michigan east of Door County, Wisconsin. Master’s thesis.
University of Wisconsin-Stevens Point, Stevens Point, WI.
Ebener, M. P. and F. A. Copes. 1985. Population statistics, yield estimates, and
management considerations for two lake whitefish stocks in Lake Michigan.
North American Journal of Fisheries Management. 5:435-448.
Ebener, M.P., J.R. Bence, K.R. Newman, and P.J. Schneeberger. 2005. Application of
statistical catch-at-age models to assess lake whitefish stocks in the 1836 treaty
ceded waters of the upper Great Lakes. Pages 271-309 in L. C. Mohr and T. F.
Nalepa, editors. Proceedings of a workshop on the dynamics of lake whitefish
(Coregonus clupeaformis) and the amphipod Diporeia spp. in the Great Lakes.
Technical Report 66, Great Lakes Fishery Commission, Ann Arbor. Ebener, M.P.,
R.E. Kinnunen, P.J., Schneeberger, L.C. Mohr, J.A. Hoyle, and P.J.
Peeters. 2008. Management of commercial fisheries for lake whitefish in the
Laurentian Great Lakes of North America. American Fisheries Society
Symposium 62:99-143.
Ebener, M.P. T.O. Brenden, M.L. Jones. 2010a. Estimates of natural and fishing
mortality rates for four lake whitefish stocks in northern Lakes Huron and
Michigan. Journal of Great Lakes Research. 36:110-120.
Ebener, M. P., T. O. Brenden, G. M. Wright, M. L. Jones, and M. Faisal. 2010b. Spatial
and temporal distributions of lake whitefish spawning stocks in northern Lakes
Michigan and Huron. Journal of Great Lakes Research. 36:38-51.
Eshenroder, R.L., M.E. Holey, T.K. Gorenflo, R.D. Clark, Jr. 1995. Fish-community
objectives for Lake Michigan. Great Lakes Fishery Commission. Special
Publication 95-3. 56 pages.
Fabrizio, M.C. 2005. Experimental design and sampling strategies for mixed-stock
analysis. Pages 467-498 in S.X. Cadrin, K.D. Friedland, and J.R. Waldman,
editors. Stock identification methods: applications in fishery science. Elsevier
Academic Press, Burlington, Massachusetts.
Frost, L.A., B.S. Evans, and D.R. Jerry. 2006. Loss of genetic diversity due to hatchery
practices in barramundi (Late calcarifer). Aquaculture. 26:1056-1064

60

Garza, J. C., and E. Anderson. 2007. Large scale parentage inference as an alternative
to coded wire tags for salmon fishery management. PSC genetic stock
identification workshop May and September 2007: Logistics workgroup final
report and recommendations Pages 48-55.
Guy, C. S. and M.L. Brown, editors. 2007. Analysis and interpretation of freshwater
fisheries data. American Fisheries Society, Bethesda, Maryland.
Hankin, D.G. 2005. Report of the expert panel on the future of the coded wire tag
program for pacific salmon No. 18. Pacific Salmon Commission.
Hannesson, R. 2008. Sustainability of fisheries. The Electronic Journal of Sustainable
Development. 1:13-22.
Healey, M.C. 1975. Dynamics of exploited whitefish populations and their management
with special reference to the Northwest Territories. Journal of the Fisheries
Research Board of Canada. 32:427-448.
Healey, M.C. 1978. Fecundity changes in exploited populations of lake whitefish
Coregonus clupeaformis and lake trout Salvelinus namacyush. Journal of the
Fisheries Research Board of Canada 35:945-950.
Heidinger, R.C. and K. Clodfelter. 1987. Validity of the otolith for determining age and
growth of walleye, striped bass, and smallmouth bass in power plant cooling
ponds. Pages 24 251 in R.C. Summerfelt and G.E Hall, editors. Age and growth
of fish. Iowa State University Press, Ames.
Hilborn R. and C.J. Walters. 1992. Quantitative fisheries stock assessment: choice,
dynamics, and uncertainty. Kluwer Academic Publishing. Norwell, Massachusetts
(4th printing, 2004).
Hilborn, R., T.P. Quinn, D.E. Schindler, and D.E. Rogers. 2003. Biocomplexity and
fisheries sustainability. Proceedings of the National Academy of Sciences 100:
6564-6568.
Hutchings, J.A. 2005. Life history consequences of overexploitation to population
recovery in Northwest Atlantic cod Gadus morhua. Canadian Journal of
Fisheries and Aquatic Sciences 62:824-832.
Ihssen, P.E., H.E. Booke, J.M. Casselman, J.M. McGlade, N.R. Payne, and F.M. Utter.
1981. Stock identification: materials and methods. Canadian Journal of
Fisheries and Aquatic Sciences 38:1838-1855.
Kimura, D.K. 1980. Likelihood methods for the von Bertalanffy growth curve. Fishery
Bulletin 77:765-776.
Kratzer, J.F., W.W. Taylor, and M. Turner. 2007. Changes in fecundity and egg lipid
content of lake whitefish Coregonus clupeaformis in the upper Laurentian Great

61

Lakes between 1986-87 and 2003-05. Journal of Great Lakes Research 33: 922
929.
Larkin, P.A. 1972. The stock concept and management of Pacific salmon. Pages 11-15 in
R. C. Simon and P. A. Larkin, editors. H.R. MacMillan lectures in Fisheries.
University of British Columbia, Vancouver.
Maceina, M.J. and R.K. Betsill. 1987. Verification and use of whole otoliths to age white
crappies. Pages 267-278 in R.C. Summerfelt and G.E. Hall, editors. Age and
growth of fish. Iowa State University Press, Ames.
Madenjian, C.P., G.L. Fahnenstiel, T.H. Johengen, T.F. Nalepa, H.A. Vanderploeg, G.W.
Fleischer, P.J. Schneeberger, D.M. Benjamin, E.B. Smith, J.R. Bence,
E.S.Rutherford, D.S. Lavis, D.M. Robertson, D.J. Jude, and M.P. Ebener. 2002.
Dynamics of the Lake Whitefish food web 1970-2000. Canadian Journal of
Fisheries and Aquatic Sciences 59:736-753
Marsden, J.E. and S.R. Robillard. 2004. Decline of yellow perch in southwestern Lake
Michigan, 1987-1997. North American Journal of Fisheries Management 24:952
966.
Mergey, B.A. 1988. A review and comparison of age-structured stock assessment models
from theoretical and applied points of view. National Oceanic and Atmospheric
Administration. Seattle, Washington.
Michielsens, C.G.J., M.K. McAllister, S.K.T. Pakarinen, L. Karlsson,
Romakkaniemi, I. Pera, and S. Mantyniemi. 2006. A bayesian state-space mark
recapture model to estimate exploitation rates in mixed-stock fisheries.
Canadian Journal of Fisheries and Aquatic Sciences 62:321-324.
Modeling Subcommittee, Technical Fisheries Committee. 2009. Status of Lake Trout and
lake whitefish populations in the 1836 Treaty-Ceded Waters of Lakes Superior,
Huron and Michigan, with recommended yield and effort levels for 2009. D.C.
Caroffino and S.J. Lenart, editors. Technical Fisheries Committee Administrative
Report 2009: Available: http://www.michigan.gov/documents/dnr/2009-status
report_303561_7.pdf. (June 2010).
Mosegaard, H., H. Svedang, K. Taberman. 1988. Uncoupling of somatic growth and
otolith growth rates in Arctic char Salvelinus alpinus as an effect of differences in
temperature response. Canadian Journal of Fisheries and Aquatic Sciences 45:
1514-1524.
Muir, A. M., and T. M. Sutton, P. J. Peeters, R. M. Claramunt, and R. E. Kinnunen.
2008. An evaluation of age estimation structures for lake whitefish in Lake
Michigan: selecting an aging method based on precision and a decision
analysis. North American Journal of Fisheries Management 28:1928-1940.

62

Pauly, D. 1980. On the interrelationships between natural mortality, growth parameters,
and mean environmental temperature in 175 fish stocks. Journal of Marine
Science 39(2):175-192.
Pine, W.E., J.E. Hightower, L.G. Coggins, M.V. Lauretta, and K.H. Pollock. 2012.
Design and analysis of tagging studies. Pages 521-574 in A.V. Zale, D.L.
Parrish, and T.M. Sutton, editors. Fisheries Techniques, 3rd edition.
American Fisheries Society, Bethesda, Maryland.
Pope. K.L. and C.G. Kruse. 2007. Condition. Pages 423-471 in C.S. Guy and M.L.
Brown, editors Analysis and interpretation of freshwater fisheries data. American
Fisheries Society, Bethesda, Maryland.
Pothoven, S.A, T.F. Nalepa, P.J. Schneeberger and S.B. Brandt. 2001. Changes in diet
and body condition of lake whitefish in southern Lake Michigan associated with
changes in benthos. North American Journal of Fisheries Management 21: 876
883.
Prout, M.W. 1989. Population dynamics and stock differentiation of lake whitefish
Coregonus clupeaformis in Grand Traverse Bay, Lake Michigan. MS Thesis,
Michigan State University, East Lansing, MI
Quinn, G. P. and M.J. Keough. 2002. Experimental design and data analysis for
biologists. Cambridge University Press.
Rannala, B. and J. L. Mountain. 1997. Detecting immigration by using multilocus
genotypes. Proceedings of the National Academy of Sciences 94:9197-9201.
Ricker, W.E. 1981. Changes in the average size and average age of Pacific salmon.
Canadian Journal of Fisheries and Aquatic Sciences 38:1636-1656.
Scheerer, D.P. and W.W. Taylor. 1985. Population dynamics and stock differentiation
of lake whitefish in northeastern Lake Michigan with implications for their
management. North American Journal of Fisheries Management 5:526-536.
Schneeberger, P.J., M.P. Ebener, M. Toneys, and P.J. Peeters. 2005. Status of lake
whitefish in Lake Michigan. Great Lakes Fishery Commission Technical Report
66:67-86.
Selkoe K.A. and R.J. Toonen. 2006. Microsatellites for ecologists: a practical guide to
using and evaluating microsatellite markers. Ecology Letters 9:615-629.
Shaklee, J.B. and K.P. Currens. 2003. Genetic stock identification and risk
assessment.Pages 291-328 in E.M. Hallerman, editor. Population genetics:
principles and application for fisheries scientists. American Fisheries Society,
Bethesda, Maryland.
Spangler, G.R., A.H. Berst, and J.F. Koonce. 1981. Perspectives and policy
recommendations on the relevance of the stock concept to fishery management.
Canadian Journal of Fisheries and Aquatic Sciences 38:1908-1914.
63

Springate, J.R.C. and N.R. Bromage. 1985. Effects of egg size on early growth and
survival in rainbow trout (Salmon gairdneri Richardson). Aquaculture 47:163
172.
Toresen, R. and O.J. Østvedt. 2000. Variation in abundance of Norwegian spring
spawning herring (Clupea harengus) throughout the 20th century and influence of
climatic fluctuations. Fish and Fisheries 1:231-256.
Taylor, E.B. 1991. A review of local adaptation in Salmonidae, with particular reference
to Pacific and Atlantic salmon. Aquaculture 98:185-207.
United States Geological Survey. 2009. Commerical fishing reports: total pounds and
dollar value of commercial catch in U.S. waters of the Great Lakes by year, state,
lake, and species. Available: http://www.glsc.usgs.gov/_filescfreports?noaa07.txt
(June 2010)
Utter, F. and N. Ryman. 1993. Genetic markers and mixed stock fisheries. Fisheries
18(8):11-21.
VanDeHey, J. A., B. L. Sloss, P. J. Peeters, and T. M. Sutton. 2009. Gene structure of
lake whitefish (Coregonus clupeaformis) in Lake Michigan. Canadian Journal of
Fisheries and Aquatic Sciences 66:382-393.
VanDeHey, J.A., B.L. Sloss, P.J. Peeters, and T.M. Sutton. 2010. Determining the
efficacy of microsatellite DNA-based mixed stock analysis of Lake Michigan’s
Lake Whitefish commercial fishery. Journal of Great Lakes Research 36:52-58.
Van den Avyle, M.J. 1993. Dynamics of exploited fish populations. Pages 105-135 in
C.C. Koehler and W.A. Hubert, editors. Inland fisheries management in North
America. American Fisheries Society, Bethesda, Maryland.
Walker, S.H., M.W. Prout, W.W. Taylor, and S.R. Winterstein. 1993. Population
dynamics of lake whitefish stocks in Grand Traverse Bay, Lake Michigan.
North American Journal of Fisheries Management 13:73-85.
Wagner, T., M.L. Jones, M.P. Ebener, M.T. Arts, T.O. Brenden, D.C. Honeyfield, G.M.
Wright, M. Faisal. 2010. Spatial and temporal dynamics of lake whitefish
(Coregonus clupeaformis) health measures: linking individual-based indicators to
a management relevant endpoint. Journal of Great Lakes Research 36:121-134.
Wedekind, C. and R. Müller. 2004. Parental characteristics versus egg survival: towards
and improved genetic management in the supportive breeding of lake whitefish.
Finnish Zoological and Botanical Publishing Board 2004 41: 105-115.
Wilberg, M.J., J.R. Bence, B.T. Eggold, D. Makauskas, and D.F. Clapp. 2005. Yellow
perch dynamics in southwestern Lake Michigan during 1986-2002. North
American Journal of Fisheries Management 25:1130-1152.

64

Wilberg, M.J. and J.R. Bence. 2006. Performance of time-varying catchability
estimators in statistical catch-at-age analysis. Canadian Journal of Fisheries and
Aquatic Sciences 63:2275-2285.
Wirgin, I. and J.R. Waldman. 2005. Use of nuclear DNA in stock identification: single
copy and repetitive sequence markers. Pages 331- 370 in S.X. Cadrin, K.D.
Friedland, and J.R. Waldman, editors Stock identification methods: applications
in fishery science. Elsevier Academic Press, Burlington, Massachusetts.

65

Table 1. Polymerase chain reaction (PCR) concentrations and fluorescent labels. Multiplex indicates loci amplified in the same PCR
reaction with the corresponding thermal cycling profiles provided as footnotes.
Locus Code
C28
C41
C23
B2
C18
C68
C4
C45
C52
B1
C157
B1
C6
1

Multiplex

10X Buffer
(Conc.)

dNTPs (mM)

MgCl2 (mM)

1
2
3

2.0X
1.5X
1.0X

0.20
0.20
0.20

2.00
1.50
2.00

Primer F (Conc.)

Primer R (Conc.)

Taq (U)

Label

0.20
0.20
0.50
Hex
0.20
0.20
0.50
Ned
0.10
0.10
0.50
6-Fam
0.03
0.30
6-Fam
4
2.0X
0.20
2.10
0.32
0.32
0.50
Hex
0.25
0.25
Ned
0.08
0.08
6-Fam
5
1.0X
0.20
1.50
0.10
0.10
0.50
Hex
0.10
0.10
6-Fam
6
1.4X
0.20
1.40
0.22
0.22
0.25
Ned
0.10
0.10
Hex
7
1.4X
0.20
1.70
0.25
0.25
0.50
Ned
0.80
0.08
Ned
95˚C for 3 min. 8 series of 5 cycles each at 94˚C for 30s, then 63, 62.5, 62, 61.5, 61 60.5, 60, and 59˚ C annealing for 30s. 72˚ C for 30s then a final elongation of
72˚C for 7 min.

2

94˚ C for 5 min. 2 series of 5 cycles each at 94˚ C for 30s, then 63, and 62˚ C annealing for 30s, then 72˚ C for 30s. Then 2 series of 8 cycles each at 94˚ C for
30s, then 61, and 60.5˚ C annealing for 30s, then 72˚C for 30s. Then a final series of 5 cycles of 94˚ C for 30s , then 60˚ C annealing for 30s, then 72˚ C for 30s
and a final elongation of 72˚ C for 7 min.

3

94˚ C for 3 min. 6 series of 5 cycles each at 94˚ C for 30s, then 60, 59, 58, 57, 56, and 55˚ C annealing for 30s. 72˚ C for 1 min then a final elongation of 72˚ C
for 7 min.

4

95˚ C for 3 min. 1 series of 35 cycles each at 95˚ C for 30s, then 57˚ C annealing for 30s. 72 ˚ C for 1 min then a final elongation of 72˚ C for 7 min.

5

95˚ C for 1 min. 1 series of 35 cycles each at 94˚ C for 1 min, then 62˚ C annealing for 1 min. 72˚ C for 50s then a final elongation of 72˚ C for 7 min.

6

95˚ C for 3 min, 1 series of 35 cycles each at 95˚ C for 30s, then 60˚ C annealing for 30s. 72˚ C for 1 min then a final elongation of 72˚ C for 30 min.

7

95˚ C for 3 min 1 series of 35 cycles each at 95˚ C for 30s, then 60˚ C annealing for 30s. 72˚ C for 1 min then a final elongation of 72˚ C for 7 min
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Table 2. Number of lake whitefish that assigned to each genetic stock at each capture location in Lake Michigan. Fish were
collected during October in 2012 and 2013 from commercial trap nets (all locations except Elk Rapids) and an annual gill
net survey (Elk Rapids) conducted by the Michigan Department of Natural Resources.
Capture location
Genetic stock

Elk Rapids

WFM-01

WFM-03

WFM-05

WFM-07

WFM-08

WI-2

Totals

Big Bay de Noc

-

307

-

-

-

-

62

369

Elk Rapids

4

-

-

-

-

-

-

4

Green Bay

-

-

-

-

-

-

111

111

Northeast

58

-

67

249

-

-

-

374

Northern

-

-

78

-

-

-

-

78

Southern

-

-

-

-

150

277

-

427

Assignment < 0.7

8

-

104

-

-

-

53

165

Totals

70

307

249

249

150

277

226

1,528
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Table 3. Number of male and female lake whitefish collected by year and sampling period (early = October 1-15; late =
October 16-31) at different capture locations in Lake Michigan. Fish were purchased from commercial trap net fishers (all
locations except Elk Rapids) or collected from an annual gill net survey conducted by the Michigan Department of Natural
Resources (Elk Rapids).
Capture Location
Sex

Year

Female

2012

Male

Unknown

Female

Male

Unknown

Total

Period

Elk Rapids WFM-01 WFM-03 WFM-05 WFM-07 WFM-08 WI-2

Total

Early

-

23

29

-

88

44

21

205

Late

-

24

33

49

-

-

29

135

Early

-

27

20

-

62

31

28

168

Late

-

17

16

51

-

-

21

105

Early

-

25

51

-

-

-

25

101

Late

-

34

-

-

-

-

-

34

Early

-

22

23

41

-

49

22

157

Late

30

19

16

37

-

50

25

177

Early

-

34

27

42

-

53

28

224

Late

40

31

34

23

-

49

25

162

Early

-

-

-

-

-

-

-

-

Late

-

51

-

6

-

1

2

60

-

70

307

249

249

150

277

226

1,528

2012

2012

2013

2013

2013

-

68

Table 4. Number of male and female lake whitefish collected from each genetic stock by year and sampling period (early =
October 1-15; late = October 16-31) within Lake Michigan. Fish were purchased from commercial trap net fishers (all
locations except Elk Rapids) or collected from an annual gill net survey by the Michigan Department of Natural Resources
(Elk Rapids).
Genetic Stock
Sex

Year

Female

2012

Male

Unknown

Female

Male

Unknown

Total

Period

Big Bay de Elk
No
Green Bay Northeast Northern Southern
Noc
Rapids
Assignment

Total

Early

26

-

12

12

4

44

19

117

Late

24

-

11

60

10

88

31

224

Early

31

-

12

9

5

31

18

106

Late

17

-

9

63

2

62

14

167

Early

30

-

8

-

-

-

12

50

Late

34

-

-

-

-

-

-

34

Early

44

-

-

46

9

53

9

161

Late

19

3

25

63

5

50

12

177

Early

62

-

-

46

13

49

10

180

Late

31

1

25

65

14

49

17

202

Early

0

-

-

1

-

-

-

1

Late

51

-

-

18

16

1

23

109

-

369

4

102

383

78

427

165

1,528

2012

2012

2013

2013

2013

-

69

0

Table 5. Von Bertalanffy parameters (K = intrinsic growth rate; TL∞ = asymptotic total
length) by capture location which were used in Pauly’s equation (1980) as modified by lake
whitefish fishery managers in Ebener et al. (2005) to estimate natural mortality (M) for lake
whitefish in Lake Michigan.
Capture location

K

TL∞

loge(M)

Pauly’s M

WI-2

0.24

561

-1.88

0.15

WFM-01

0.19

561

-2.04

0.13

WFM-03

0.32

497

-1.66

0.19

Elk Rapids

0.30

562

-1.74

0.18

WFM-05

0.21

547

-1.96

0.14

WFM-07

0.30

546

-1.73

0.18

WFM-08

0.29

566

-1.76

0.17

Table 6. Von Bertalanffy parameters (K = intrinsic growth rate; TL∞ = asymptotic total
length) by genetic stock which were used in Pauly’s equation (1980) as modified by lake
whitefish fishery managers in Ebener et al. (2005) to estimate natural mortality (M) for lake
whitefish in Lake Michigan.
Genetic stock

K

TL∞

loge(M)

Pauly’s M

Green Bay

0.26

561

-1.81

0.16

Big Bay de Noc

0.20

557

-1.99

0.14

Northern

0.32

501

-1.66

0.19

Northeast

0.21

555

-1.95

0.14

Southern

0.31

550

-1.71

0.18
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WFM-03
WFM-01

WFM-02
WFM-00

WFM-05

WFM-04

WI-1

WI-2

Elk Rapids
WFM-06

WFM-07
WI-3

WFM-08

WFM-09

Figure 1. Stars denote commercial management zones where lake whitefish were collected during
October 2012 and 2013. Lake whitefish from the Elk Rapids sampling location were captured in
gill nets set by the Michigan Department of Natural Resources. Whitefish from all other locations
were collected from commercial trap nets.
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Sulcus

Dorsal

Figure 2. Otolith measurement transects depicted on a transverse-sectioned
sagittal otolith from a 428-mm male lake whitefish captured in a commercial trap
net sampled in Naubinway, Michigan, on 10/4/2012. My estimated age for this
fish was 8.
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Mean total length (mm)
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Figure 3. Lake whitefish mean total lengths (TLs) with 95% confidence intervals (error
bars) for each capture location in Lake Michigan. Fish were collected from an annual
Michigan Department of Natural Resources gill net survey (Elk Rapids) and from
commercial trap-net fishers (all locations except Elk Rapids) in October 2012 and 2013.
Mean TLs were significantly different among locations that do not share a letter
(Tukey-Kramer tests; α = 0.05).
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Figure 4. Lake whitefish mean total lengths (TLs) with 95% confidence intervals (error
bars) for each genetic stock in Lake Michigan. Fish were collected from an annual
Michigan Department of Natural Resources gill net survey and from commercial trapnet fishers in October 2012 and 2013. Mean TLs were significantly different among
stocks that do not share a letter (Tukey-Kramer tests; α = 0.05).
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Figure 5. Percentage of lake whitefish > 552 mm total length (i.e., upper quartile of all
observed total lengths) by capture location in Lake Michigan. Lake whitefish were
collected from an annual Michigan Department of Natural Resources gill net survey (Elk
Rapids only) and from commercial trap-net fishers (all locations except Elk Rapids) in
October 2012 and 2013. Percentages were significantly different among locations that do
not share a letter (χ2 tests; α = 0.05).

60

A

B

C

C

B

50
40
30
20
10
0
Green Bay Big Bay de Northern Northeast
Noc

Southern

Genetic stock

Figure 6. Percentage of lake whitefish > 552 mm total length (i.e., upper quartile of all
observed total lengths) for genetic stocks in Lake Michigan. Lake whitefish were collected
from an annual Michigan Department of Natural Resources gill net survey and from
commercial trap-net fishers in October 2012 and 2013. Percentages were significantly
different among stocks that do not share a letter (χ2 tests; α = 0.05).
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Log10 weight (g)

WI-2

WFM-01

3.40 y = 2.7243x - 4.3012
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3.20
3.10
3.00
2.90
2.66 2.68 2.70 2.72 2.74 2.76 2.78
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Log10 total length (mm)
Figure 7. Log10 weight-log10 total length (mm) relationships by capture location for female
lake whitefish sampled from a Michigan Department of Natural Resources gill net survey
(Elk Rapids location) and from commercial trap-net fishers (all locations except Elk
Rapids) in October 2012 and 2013. Regression models and coefficients of variation (R2)
are reported for each relationship.
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Figure 8. Log10 weight-log10 total length (mm) relationships by capture location for male
lake whitefish sampled from a Michigan Department of Natural Resources gill net survey
(Elk Rapids location) and from commercial trap-net fishers (all locations except Elk
Rapids) in October 2012 and 2013. Regression models and coefficients of variation (R2)
are reported for each relationship.
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Figure 9. Back-transformed predicted weights at 535 mm total length (i.e., mean
total length of all females in comparison) for female lake whitefish with 95%
confidence intervals (error bars) for each sampling location in Lake Michigan. Lake
whitefish were collected from a Michigan Department of Natural Resources gill net
survey (Elk Rapids only) and from commercial trap-net fishers (all locations except
Elk Rapids) in October 2012 and 2013. Mean log10 female predicted weights were
significantly different among capture locations that do not share a letter (TukeyKramer tests; α = 0.05).
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Figure 10. Back-transformed predicted weights at 535 mm total length (i.e., mean
total length of all males in comparison) for male lake whitefish with 95% confidence
intervals (error bars) for each sampling location in Lake Michigan. Lake whitefish
were collected from a Michigan Department of Natural Resources gill net survey (Elk
Rapids only) and from commercial trap-net fishers (all locations except Elk Rapids) in
October 2012 and 2013. Mean log10 male predicted weights were significantly
different among capture locations that do not share a letter (Tukey-Kramer tests; α =
0.05).
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Figure 11. Log10 weight-log10 total length (mm) relationships by genetic stock for
female lake whitefish sampled from a Michigan Department of Natural Resources gill
net survey (Elk Rapids location) and from commercial trap-net fishers (all locations
except Elk Rapids) in October 2012 and 2013. Regression models and coefficients of
variation (R2) are reported for each relationship.
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Figure 12. Back-transformed predicted weights at 535 mm total length (i.e., mean
total length of all females in comparison) for female lake whitefish with 95%
confidence intervals (error bars) for each genetic stock in Lake Michigan. Lake
whitefish were collected from a Michigan Department of Natural Resources gill
net survey (Elk Rapids only) and from commercial trap-net fishers (all locations
except Elk Rapids) in October 2012 and 2013. Mean log10 female predicted
weights were significantly different among stocks that do not share a letter
(Tukey-Kramer tests; α = 0.05).
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Figure 13. Log10 weight-log10 total length (mm) relationships by genetic stock for male lake
whitefish sampled from a Michigan Department of Natural Resources gill net survey (Elk
Rapids location) and from commercial trap-net fishers (all locations except Elk Rapids) in
October 2012 and 2013. Regression models and coefficients of variation (R2) are reported
for each relationship.
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Figure 14. Back-transformed predicted weights at 535 mm total length (i.e., mean total
length of all males in comparison) for male lake whitefish with 95% confidence intervals
(error bars) for each genetic stock in Lake Michigan. Lake whitefish were collected from a
Michigan Department of Natural Resources gill net survey (Elk Rapids only) and from
commercial trap-net fishers (all locations except Elk Rapids) in October 2012 and 2013.
Mean log10 male predicted weights were significantly different among stocks that do not
share a letter (Tukey-Kramer tests; α = 0.05).

82

WFM-01

WI-2
80

80

60

60

40

40

20

20

0

0
6

8 10 12 14 16 18 20 22 24

ER

WFM-03

80

80

60

60

40

40

Frequency

6

8 10 12 14 16 18 20 22 24

20

20

0

0
6

6

8 10 12 14 16 18 20 22 24

8 10 12 14 16 18 20 22 24

WFM-07

80

WFM-05
80

60

60

40

40

20

20

0

0
6

7

8 10 12 14 16 18 20 22 24

9

11 13 15 17 19 21 23 25

WFM-08
80
60
40
20
0
6

8 10 12 14 16 18 20 22 24

Age
Figure 15. Age-frequency distributions for lake whitefish for each sampling location in
Lake Michigan. Ages were estimated from transverse-sectioned sagittal otoliths. Fish
were collected from an annual Michigan Department of Natural Resources gill net
survey (Elk Rapids only) and from commercial trap-net fishers (all locations except Elk
Rapids) in October 2012 and 2013.
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Figure 16. Age-frequency distributions for lake whitefish for each genetic stock in Lake
Michigan. Ages were estimated from transverse-sectioned sagittal otoliths. Fish were
collected from an annual Michigan Department of Natural Resources gill net survey (Elk
Rapids only) and from commercial trap-net fishers (all locations except Elk Rapids) in
October 2012 and 2013.
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Figure 17. Lake whitefish mean ages with 95% confidence intervals (error bars) for
sampling locations in Lake Michigan. Ages were estimated from transverse-sectioned
sagittal otoliths. Fish were collected from an annual Michigan Department of Natural
Resources gill net survey (Elk Rapids only) and from commercial trap-net fishers (all
locations except Elk Rapids) in October 2012 and 2013. Mean ages were significantly
different between locations that do not share a letter (Tukey-Kramer tests; α = 0.05).
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Figure 18. Lake whitefish mean ages with 95% confidence intervals (error bars) for
genetic stocks estimated from transverse-sectioned sagittal otoliths sampled from
Lake Michigan. Fish were collected from an annual Michigan Department of
Natural Resources gill net survey (Elk Rapids only) and from trap net commercial
fishers (all locations except Elk Rapids) in October 2012 and 2013. Mean ages were
significantly different between stocks that do not share a letter (Tukey-Kramer tests;
α = 0.05).
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Figure 19. Percentage of lake whitefish ≥ age 16 (i.e., upper quartile age of all observed
ages) for different capture locations in Lake Michigan. Lake whitefish were collected from
an annual Michigan Department of Natural Resources gill net survey (Elk Rapids location)
and from commercial trap-net fishers (all locations except Elk Rapids in October 2012 and
2013. Percentages were significantly different between stocks that do not share a letter (χ2
tests; α = 0.05).
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Figure 20. Percentage of lake whitefish ≥ age 16 (i.e., upper quartile age of all observed ages)
by genetic stock in Lake Michigan. Lake whitefish were collected from an annual Michigan
Department of Natural Resources gill net survey and from commercial fishers in October 2012
and 2013. Percentages were significantly different between stocks that do not share a letter (χ2
tests; α = 0.05).
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Figure 21. Asymptotic total length (TL∞) of lake whitefish estimated using fixed-intercept
(t0 = 0) Von Bertalanffy models for each capture location in Lake Michigan. Error bars
represent 95% confidence intervals. Lake whitefish were collected during October 2012
and 2013 from a Michigan Department of Natural Resources gill net survey (Elk Rapids
only) and commercial trap-net fishers (all locations except Elk Rapids). Based on
comparison of 95% confidence intervals, asymptotic total lengths were significantly
different between locations that do not share a letter.
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Figure 22. Asymptotic total length (TL∞) of lake whitefish estimated using fixed-intercept
(t0 = 0) Von Bertalanffy models for each genetic stock in Lake Michigan. Error bars
represent 95% confidence intervals. Lake whitefish were collected during October 2012
and 2013 from a Michigan Department of Natural Resources gill net survey (Elk Rapids
only) and commercial trap-net fishers (all locations except Elk Rapids). Based on
comparison of 95% confidence intervals, asymptotic total lengths were significantly
different between stocks that do not share a letter.
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Figure 23. Time in years required to reach 480 mm TL estimated from the Von
Bertalanffy model for lake whitefish for each capture location in Lake Michigan. Lake
whitefish were collected during October 2012 and 2013 from a Michigan Department of
Natural Resources gill net survey (Elk Rapids only) and commercial trap-net fishers (all
locations except Elk Rapids).
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Figure 24. Time in years required to reach 480 mm TL estimated from the Von
Bertalanffy model for lake whitefish for each genetic stock in Lake Michigan. Lake
whitefish were collected during October 2012 and 2013 from a Michigan Department of
Natural Resources gill net survey (Elk Rapids only) and commercial trap-net fishers (all
locations except Elk Rapids).
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Figure 25. Relationship between sulcus otolith radius and fish total length for lake
whitefish from Lake Michigan collected during October 2012 and 2013 from commercial
trap net fishers and a gill net survey conducted by the Michigan Department of Natural
Resources. Regression model and coefficient of determination (R²) are reported.
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Figure 26. Relationship between dorsal otolith radius and fish total length for lake
whitefish from Lake Michigan collected during October 2012 and 2013 from commercial
trap net fishers and a gill net survey conducted by the Michigan Department of Natural
Resources. Regression model and coefficient of determination (R²) are reported.
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Figure 27. Female loge gonad weight-weight relationships by capture location of lake
whitefish collected from a Michigan Department of Natural Resources gill net survey (Elk
Rapids only) and commercial trap net fishers (all locations except Elk Rapids) from Lake
Michigan in October 2012 and 2013. Regression models and coefficients of variation (R2) are
reported for each relationship.
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Figure 28. Back-transformed female lake whitefish predicted gonad weights at 1,373
g which represented the mean weight of all females in this comparison. Error bars
represent 95% confidence intervals for each capture location in Lake Michigan.
Lake whitefish were collected from a Michigan Department of Natural Resources
gill net survey (Elk Rapids) and from trap net commercial fishers (all locations
except Elk Rapids) in October 2012 and 2013. Predicted mean loge female gonad
weights were significantly different among locations that do not share a letter
(Tukey-Kramer; α = 0.05).
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Figure 29. Male loge gonad weight-weight relationships by capture location of lake whitefish
collected from a Michigan Department of Natural Resources gill net survey (Elk Rapids only)
and commercial trap net fishers (all locations except Elk Rapids) from Lake Michigan in
October 2012 and 2013. Regression models and coefficients of variation (R2) are reported for
each relationship.
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Figure 30. Back-transformed predicted gonad weights for male lake whitefish at 1,321
g which represented the mean weight of males in this comparison. Error bars
represent 95% confidence intervals for each capture location in Lake Michigan.
Whitefish were collected from a Michigan Department of Natural Resources gill net
survey (Elk Rapids only) and from trap net commercial fishers (all locations except
Elk Rapids) in October 2012 and 2013. Predicted mean loge male gonad weights were
significantly different among locations that do not share a letter (Tukey-Kramer tests;
α = 0.05).
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Figure 31. Female loge gonad weight-weight relationships by genetic stock of lake whitefish
collected from a Michigan Department of Natural Resources gill net survey and commercial
trap net fishers from Lake Michigan in October 2012 and 2013. Regression models and
coefficients of variation (R2) are reported for each relationship.
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Figure 32. Back-transformed predicted gonad weights for female lake whitefish at
1,373 g which represented the mean weight of females used in this comparison. Error
bars represent 95% confidence intervals for each genetic stock in Lake Michigan.
Lake whitefish were collected from a Michigan Department of Natural Resources gill
net survey and from trap net commercial fishers in October 2012 and 2013. Predicted
mean loge male gonad weights were significantly different among stocks that do not
share a letter (Tukey-Kramer; α = 0.05).
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Figure 33. Male loge gonad weight-weight relationships by genetic stock of lake whitefish
collected from a Michigan Department of Natural Resources gill net survey and commercial
trap net fishers from Lake Michigan in October 2012 and 2013. Regression models and
coefficients of variation (R2) are reported for each relationship.
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Figure 34. Back-transformed male lake whitefish predicted gonad weight at
1,321 g which represented the mean weight of males in this comparison. Error
bars represent 95% confidence intervals for each genetic stock sampled in Lake
Michigan. Lake whitefish were collected from a Michigan Department of Natural
Resources gill net survey and from trap net commercial fishers in October 2012
and 2013. Mean loge male gonad weights were significantly different among
stocks that do not share a letter (Tukey-Kramer tests; α = 0.05).
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Figure 35. Loge fecundity-weight relationships by capture location of lake whitefish collected
from a Michigan Department of Natural Resources gill net survey and commercial trap net
fishers from Lake Michigan in October 2012 and 2013.
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Figure 36. Back-transformed lake whitefish predicted fecundity (# of eggs) estimated
by gravimetric subsampling at 1,373 g which represented the mean weight of all
females used in this comparison. Error bars represent 95% confidence intervals for
each capture location in Lake Michigan. Lake whitefish were collected from a
Michigan Department of Natural Resources gill net survey and from trap net
commercial fishers in October 2012 and 2013. Mean loge predicted fecundity was
significantly different among locations that do not share a letter (Tukey-Kramer; α =
0.05).

99

Big Bay de Noc

Green Bay
12

12

11

11

10

10

9

9

8

y = 0.0007x + 9.0482
R² = 0.18

7
1000 1200 1400 1600 1800 2000

8

7
1000 1200 1400 1600 1800 2000
Northeast

Loge fecundity

Northern
12

12

11

11

10

10
9

9

8

y = 0.0009x + 8.9047
R² = 0.46

y = 0.0013x + 8.4433
R² = 0.86

7
1000 1200 1400 1600 1800 2000

8

y = 0.0008x + 9.0037
R² = 0.30

7
1000 1200 1400 1600 1800 2000

Southern
12
11
10
9
8

y = 0.0007x + 9.1498
R² = 0.36

7
1000 1200 1400 1600 1800 2000

Weight (g)
Figure 37. Loge fecundity-weight relationships by genetic stock of lake whitefish collected
from a Michigan Department of Natural Resources gill net survey and commercial trap net
fishers from Lake Michigan in October 2012 and 2013. Regression models and coefficients of
variation (R2) are reported for each relationship.

100

Fecundity (# of eggs)

40,000
35,000
30,000
25,000
20,000
15,000
10,000
5,000
0

A

A,B

A,B

Green Bay Big Bay de Northern
Noc

B

B

Northeast

Southern

Genetic stock
Figure 38. Back-transformed lake whitefish predicted fecundity (# of eggs) estimated by
gravimetric subsampling at 1,373 g which represented the mean weight of all females in
this comparison. Error bars represent 95% confidence intervals for each genetic stock
sampled in Lake Michigan. Lake whitefish were collected from a Michigan Department
of Natural Resources gill net survey and from trap net commercial fishers in October
2012 and 2013. Mean predicted loge fecundity was significantly different among stocks
that do not share a letter (Tukey-Kramer; α = 0.05).
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Figure 39. Loge egg diameter-weight relationships by capture location of lake whitefish
collected from a Michigan Department of Natural Resources gill net survey (Elk Rapids only)
and commercial trap net fishers (all locations except Elk Rapids) from Lake Michigan in
October 2012 and 2013. Regression models and coefficients of variation (R2) are reported for
each relationship.
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Figure 40. Back-transformed lake whitefish predicted egg diameters (mm) at 1,373 g which
represented the mean weight of all females in this comparison. Error bars represent 95%
confidence intervals for each capture location in Lake Michigan. Lake whitefish were
collected from a Michigan Department of Natural Resources gill net survey (Elk Rapids
only) and from trap net commercial fishers (all locations except Elk Rapids) in October
2012 and 2013. Mean loge predicted egg diameters were significantly different among
locations that do not share a letter (Tukey-Kramer; α = 0.05).
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Figure 41. Loge egg diameter-weight relationships by genetic stock of lake whitefish collected
from a Michigan Department of Natural Resources gill net survey and commercial trap net
fishers from Lake Michigan in October 2012 and 2013. Regression models and coefficients of
variation (R2) are reported for each relationship.

104

Egg diameter (mm)

2.5

A

A,B

A,B

A,B

B

2.0
1.5
1.0
0.5

0.0
Green Bay Big Bay de Northeast Northern Southern
Noc

Genetic stock
Figure 42. Back-transformed lake whitefish predicted egg diameters (mm) at 1,373 g
which represented the mean weight of all females in this comparison. Error bars
represent 95% confidence intervals for each genetic stock sampled in Lake Michigan.
Lake whitefish were collected from a Michigan Department of Natural Resources gill
net survey and from trap net commercial fishers in October 2012 and 2013. Mean
loge predicted egg diameters were significantly different among stocks that do not
share a letter (Tukey-Kramer; α = 0.05).
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