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ABSTRACT
GENETIC ANALYSES OF DISPERSAL, HARVEST MORTALITY, AND
RECRUITMENT FOR REMNANT POPULATIONS OF LAKE STURGEON,
ACIPENSER FULVESCENS, IN OPEN-WATER AND RIVERINE HABITATS OF
LAKE MICHIGAN
By

Kristin Janet Bott

Lake sturgeon, Acipenser fulvescens, have been severely impacted by anthropogenic
disturbance and are a conservation priority throughout their range. Restoration efforts are
impeded by a lack of information regarding patterns of recruitment and habitat use during
non-spawning periods. Using the significant spatial genetic structuring of remnant
populations of lake sturgeon throughout the Lake Michigan basin, combined with mixed-
stock analyses and individual assignment, I examined (1) population-specific occupancy
of open-water habitats and (2) the population composition of a sport fishery on the
Menominee River. Also, by combining estimates of population of origin with estimates
of age, along with the uncertainty in each of these estimates, I estimated recruitment
within lake sturgeon populations since 1975. I found evidence for non-random habitat
occupancy in northeast and western portions of Lake Michigan, suggesting that natal
river and forage availability may affect habitat occupancy. Significant heterogeneity in
habitat occupancy was also observed throughout Green Bay. Mixture analysis of a year
of harvest from the downriver section of the Menominee River suggests that 17% of
individuals harvested were not of Menominee River origin. A retrospective analysis of
recruitment provided evidence for similar patterns in recruitment across L.ake Michigan

populations, despite varying historical population size.
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INTRODUCTION

The order Acipenserformes, sturgeon (Acipenseridae) and paddlefish
(Polyodontidae), represent an ancient lineage of fishes that has been present since the
early Cretaceous period (135 million years before present, Birstein 1993). Twenty-five
extant species of sturgeon and two species of paddlefish are found in Europe, Asia, and
North America (Birstein 1993). These species exhibit a number of ancient
characteristics, including a cartilaginous endocranium, heterocercal tail and ganoid scales
(Birstein 1993).

Over the past 200 years, acipenserforms have experienced marked declines in
abundance and distribution because of anthropogenic disturbances affecting migration
and adult mortality rates (Birstein et al. 1997). In addition, the pollution of waters
associated with nursery and spawning habitats has negatively affected recruitment (Auer
1999a, Birstein et al. 1997). Sturgeon use different habitats at different ages and different
times of the year (Birstein et al. 1997). Given the diversity and distribution of suitable
habitats, it is important to consider the quality of non-spawning habitat when assessing
threats to these unique species.

A number of life history characteristics are shared among sturgeon species,
including iteroparity (multiple years of spawning) and longevity (Bemis and Kynard
1997). Delayed onset of reproductive maturity is common among acipenserforms (Bemis
and Kynard 1997). In all species, spawning occurs in water of low salinity, although there
is variation in water temperature and flow during spawning (Bemis and Kynard, 1997).
Successful spawning is habitat-dependent, with optimal substrate varying from gravel to

large, creviced boulders (Bemis and Kynard 1997). Recruitment is highly variable, and



dependent on water flows (Bemis and Kynard 1997). Spawning site fidelity is another
common characteristic, although the mechanism for this fidelity is unknown (Bemis and
Kynard 1997)

Genetic studies of sturgeon

Genetic techniques are important tools used to understand sturgeon biology and to
further conservation efforts. Molecular markers have been applied to a number of
population-level questions for several sturgeon species (e.g., Doukakis et al. 1999, Walsh
et al. 2001, Wan et al. 2003, Zhang et al. 2003, Israel et al. 2004, Dugo et al. 2004).
Three primary research emphases of genetics research among all sturgeon species are
examining polyploidy, evaluating relatedness among species and species groups, and
applying genetic techniques to management/conservation questions.

All acipenserfoms are polyploid, with putative ploidy levels of 4n, 8n, and 16n
(Birstein 1993). Polyploidy in vertebrates is seen primarily in fishes, reptiles, and
amphibians (Venkatesh 2003). Within fishes, polyploidy is observed in many lineages,
including catostomids (suckers), salmonids (salmon, trout, whitefish), acipenserids
(sturgeon, paddlefish), and some cyprinids (carps) and cyprinodontids (live-bearers)
(Venkatesh 2003).

The evolutionary significance of polyploidy is unclear, and it has been proposed
that polyploidy is a somewhat frequent event with minimal phenotypic effects and little
evolutionary significance (Otto and Whitton 2000). Alternately, polyploidy may allow
species more opportunity for adaptation, potentially yielding a faster evolutionary
response (Otto and Whitton 2000). The degree of polyploidy has been investigated in

many sturgeons (e.g., Blacklidge and Bidwell 1993, Fontana et al. 1999, Ludwig et al.



2001). Regardless of evolutionary significance, polyploidy can complicate genetic
analysis, as many genetic models assume a disomic mode of inheritance. In polyploid
organisms, all loci are replicated, but alleles at some loci may co-segregate, precluding
unambiguous interpretation of allelic state (Ludwig et al. 2001).

Phylogenetic research can be used to better understand sturgeon evolution. For
example, Birstein and Bemis (1997) reviewed molecular evidence for many sturgeon
species using both karyotypes and an analysis of mitochondrial DNA (mtDNA)
sequences. Despite low variability present in available mtDNA sequences, the authors
were able to revise existing phylogenetic hypotheses regarding major groups of Huso
spp., Acipenser spp., Scarphirynchus spp, and Psuedoscaphirhynchus spp., which had
been formulated based on morphological data. Specifically, within the genus Acipenser,
the authors found evidence for 17 distinct species, with two species, A. oxyrhynchus and
A. baerii, featuring distinct subspecies. Within North America, the authors found many
genetic similarities between the Pacific (4. transmontanus and A. medirostris) sturgeon
species and Atlantic (4. fulvescens and A. oxyrhynchus) sturgeon species.

Phylogenetic information may also have conservation applications. Campton et al.
(2000) examined genetic relationships among pallid, shovelnose, and Alabama sturgeon
(Scaphirhynchus albus, Scaphirhynchus platorynchus, Scaphirhynchus suttkusi,
respectively) using mtDNA. Genetic affinities among nominal species can be used to
help guide management actions. The degree of genetic uniqueness, such as the definition
of evolutionary significant units (ESUs, Waples 1991), has been used to provide species
protection under the Endangered Species Act (ESA). Waples (1991) incorporated a

number of factors, including degree of genetic differentiation among populations, to



define distinct population segments. Genetic differentiation across sturgeon species, such
as described by Campton et al. (2000), can also be used for forensics purposes such as
identifying species of origin for caviar specimens. Species-specific identification
provides an important tool for regulating trade and distinguishing poached species from
legal take (Birstein et al. 2000).

In another example of genetics applied to management, de la Herran et al. (2004)
examined genetic differences between sympatric species of sturgeon (4. neccarii and A.
sturio) in the Mediterranean. Based on three nuclear DNA sequences and two mtDNA
sequences, the authors found that previous range definitions for A. neccarii (endemic to
the Adriatic Sea) were not correct, and that this species is found throughout the
Mediterranean. In addition, some individuals had DNA consistent with both A. neccarii
(nuclear sequences) and 4. sturio (mtDNA sequences), suggesting introgression, which
has also been observed in other sturgeon species. These findings are in contrast to
evidence presented in an earlier review paper (Birstein and Bemis 1997), which
suggested that all populations of beluga sturgeon in the Mediterranean region represent a
single species. The work of de la Herran et al. (2004) have implications for the
conservation of these fish, as the results may enable managers to more effectively design
and implement restoration efforts based on new knowledge of the range of these species.

Genetic information may also be examined with species placed into a geographic
context. For example, Brown et al. (1996) examined a mtDNA size polymorphism in
four sturgeon species (Acipenser transmontanus, A. medirostris, A. fulvescens, A.
oxyrhynchus) and noted a difference in heteroplasmy between the species currently

present on the western (4. transmontanus and A. medirostris) and the eastern (4.



fulvescens and A. oxyrhynchus) sides of the continental divide. This study is significant
in that it provides information about the relationships among North American sturgeons.
The same mtDNA size polymorphism was used by DeHaan (2003) and DeHaan et al.
(2006) to evaluate differences among remnant populations of lake sturgeon in the
Laurentian Great Lakes.

Phylogeographic research has been used to make inferences about a number of
North American sturgeon species. Waldman et al. (2002) analyzed mtDNA differences
within shortnose, A. brevirostrum, Gulf, A. oxyrinchus desotoi, and Atlantic sturgeon, A4.
oxyrhynchus, populations to examine stock structure, haplotype diversity, and inferred
levels of gene flow within remnant populations. Analyses were conducted both within a
single species and across all three species. The authors found evidence for homing
fidelity and different levels of gene flow in all three species. Wirgin et al. (2000)
examined mtDNA sequence data within Atlantic sturgeon and found that diversity fell
along a latitudinal cline consistent with glaciation events. More diversity was present in
southern populations, suggesting that monomorphism in two Canadian populations was
the result of a founder effect.

Applied questions such as the definition of management units can also be resolved
by phylogeographic studies. Wirgin et al. (2002) used data from both mtDNA and
microsatellites to examine the degree of homing fidelity and stock structure in Atlantic
sturgeon, A. oxyrhynchus. The authors found concordance between marker types
(nuclear and cytoplasmic) and found that most populations had high levels of genetic
diversity. Similar to Wirgin et al. (2000), the authors found that diversity decreased from

south to north, with monomorphism observed in Canadian samples. Based on their



results, the authors recommended that the studied populations be divided into a minimum
of six management units. Similarly, Grunwald et al. (2002) examined mtDNA control
region sequence data in shortnose sturgeon, A. brevirostrum, and found evidence for
population structure and a low level of gene flow. Based on their results, the authors
recommended that all populations in their study be treated as separate management units.

Microsatellite markers have been developed for a number of sturgeon species.
Since microsatellite regions are highly conserved, many of the makers that are developed
for given a species can be used for many species (e.g., McQuown et al. 2000, King et al.
2001, Zane et al. 2002). When considering molecular markers for use in sturgeon, it is
important to examine the ploidy levels of loci. For example, Pyatskowit et al. (2001)
examined the inheritance of four microsatellites in lake sturgeon and found evidence for
different ploidy levels at different loci (diploid and tetraploid). Studies in other sturgeon
species (e.g. white sturgeon, 4. transmontanus; Rodzen and May 2002) have also found
varying ploidy levels (2N, 4N, 8N) at different loci.
Lake sturgeon

Lake sturgeon, Acipenser fulvescens, are endemic to North America, with a
distribution spanning 18 states and 5 provinces, including the Hudson Bay, Great Lakes,
and Mississippi River drainages (Houston 1987). Figure 1 shows the historical and
contemporary distribution of lake sturgeon populations throughout the Great Lakes.

Lake sturgeon, like their congeners, have experienced marked declines in the past
century, largely because of habitat loss and degradation, pollution, loss of habitat
connectivity and overexploitation through harvest. Throughout the historical range, some

populations have been extirpated and others remain with low numbers of individuals in



the population. Some researchers estimate that lake sturgeon are present in
approximately 1% of their historical abundance (Hay-Chmielewski and Whelan 1997).

Like other acipenserforms, lake sturgeon exhibit delayed sexual maturation,
ranging between 15 to 25 years (Houston 1987). While a range exists for age at maturity
for both sexes, males generally mature at younger ages than females. After maturation,
the interval between spawning events varies by sex, with males spawning every one to
four years and females spawning every three to seven years depending on location (Auer
1999b, Beamish et al. 1996). Lake sturgeon are potadromous, migrating from freshwater
lakes to rivers to spawn. Lake sturgeon reproduce by broadcast spawning with no nest
construction or post-ovulatory parental care. Fertilized eggs adhere to riverine substrate
and incubate for a relatively short period of five to fourteen days (Kempinger 1988,
Houston 1987). Once hatched, larvae may be present in the vicinity of the spawning site
for one to three weeks before dispersing downstream (Auer 1999a, Kempinger 1988).
Larval activity and movement vary with changes in light levels and water temperatures
(Benson et al. 2005). Larvae are most vulnerable to natural predation before the
formation of their scutes during the first year (Houston 1987).

Lake sturgeon population persistence is partially dependent on habitat quality. By
the nature of their potadromous life history, lake sturgeon require connectivity between
lakes and rivers. If spawning habitat is altered, sturgeon may not spawn successfully or
may not spawn at all. For example, changes in water flow can change habitat
characteristics (e.g., causing siltation or new algal growth) such that eggs may not adhere
to rocks and may not hatch. Changes in temperature caused by industrial discharge or

impoundment are also of concern to long-term population persistence (Auer 1996a; Auer



1996b), particularly because it is suspected that temperature is a cue for spawning
activity.

Lake sturgeon are found in their natal streams while staging for spawning and
during spawning runs, but habitat use during other times of the year is variable, including
movement among and within lakes and river mouths. In habitats on the scale of the Great
Lakes, individuals may be able to migrate great distances between spawning runs,
especially since spawning does not occur annually. It is important to know how different
stocks may be using open-water habitats, as this could lead to different management
actions if protecting a particular stock is of interest. Also, patterns of habitat use and
movement may make certain stocks more susceptible to anthropogenic or environmental
processes. This too is an important consideration in conservation efforts.

One conservation concern for lake sturgeon is the impact of harvest on stocks.
Harvest from fishing, via both legal takes and poaching, has been a major factor in
declines of lake sturgeon and congeners worldwide (Birstein 1993, Boreman 1997).
Sturgeon were once considered an annoyance within the Great Lakes because their large
size and sharp scutes damaged fishing nets (Auer 1999a, Hay-Chmielewski and Whelan
1997) but have since become valued for both their meat and their eggs (caviar).

Globally, the caviar trade has been a major factor in the decline of sturgeon species (e.g.,
Cohen 1997), and the lake sturgeon is no exception (Houston 1987).

Although lake sturgeon populations have declined in both abundance and
distribution, declines have not been consistent across populations (Holey et al. 2000).
Some lake sturgeon populations are extirpated and many others are present in low

numbers relative to historic levels. However, other lake sturgeon populations are present



at levels such that managers have deemed harvest an appropriate management action.
Many of these still-harvested populations are in the Mississippi River drainage, but some
populations within the Great Lakes drainage are also harvested. Some populations are
harvested in the winter by spearing (e.g., Black Lake, MI and Lake Winnebago, WI) and
others by hook-and-line fishing in the fall (e.g., Menominee River, WI/MI) and also
commercial netting (e.g. Canadian waters of Lake Huron).

The differential status of lake sturgeon populations can be an impediment to
conservation efforts, because lake sturgeon do not have a range-wide consistent
conservation status. Welsh (2004) reviewed the status of lake sturgeon throughout its
range and discussed the difficulties of creating conservation policies for a species with
varying numerical abundance across its range, particularly when that range spans both
national and international boundaries. Although lake sturgeon are not listed as an
endangered species under the United States Endangered Species Act, they do receive
protection to varying degrees throughout their range at the state and provincial levels,
listed as threatened, endangered, or of special concern (Welsh 2004). As an example of
differential status, in Michigan lake sturgeon are listed as threatened, while in Wisconsin
they are on unofficial watch, and in Ontario, Canada, they are considered a sensitive
species (Welsh 2004).

Lake sturgeon genetics

Recent work represents the first significant population-level genetics study of lake
sturgeon throughout the Great Lakes (DeHaan 2003, DeHaan et al. 2006). Studies using
tag return data (Stabile et al. 1996) suggest that philopatry may be present in some

sturgeon species. Fidelity to natal streams has been suspected in lake sturgeon and was



confirmed by research (DeHaan 2003, DeHaan et al. 2006) which provided support for
significant spatial population structuring in 11 remnant lake sturgeon populations in the
Great Lakes based on eight microsatellite loci and mtDNA sequence data. DeHaan et al.
(2006) provide evidence for significant structure present at the level of both Great Lake
basins and tributaries within those basins (Figure 2).

In an investigation into the mating system of lake sturgeon, DeHaan (2003) also
conducted parentage analysis on individuals from the Black Lake system in northern
Michigan. He examined aspects of lake sturgeon reproductive ecology such as variance
in reproductive success and disproportionate contribution of individuals to larval
production. Using multilocus genotypes of spawning adults and outmigrating larvae,
larvae were assigned to putative parents. Parentage analyses indicated that there was
both polyandry and polygyny present within the Black Lake/Black River population.
There was also evidence for high variance in reproductive success for both sexes
(DeHaan 2003).

As part of an examination of population differentiation, DeHaan (2003) and
DeHaan et al. (2006) also used an 82 base-pair mtDNA size polymorphism (see Brown et
al. »1 996). This sequence differed in the number of copies (1,2,3,4) present in remnant
populations of lake sturgeon within the Great Lakes. Both the mtDNA and microsatellite
data showed more variation between lake basins than within lake basins. Because of its
maternal mode of inheritance, mtDNA has an effective population size one-quarter that
of nuclear markers and is therefore more sensitive to genetic drift. DeHaan (2003) and
DeHaan et al. (2006) found evidence for genetic drift in one population (Menominee

River) based on the presence of only one haplotype. Genetic drift in the Menominee
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River population may be accelerated by the combination of impoundment and harvest on
this river.
Problem statement

While there has been extensive research into aspects of lake sturgeon population
dynamics and biology, using both genetic and non-genetic methods, the majority of
research on adult movement and habitat use has been focused on spawning adults.

During the spawning period, the location of individuals is fairly predictable (as a result of
natal philopatry) and individuals are present in high densities relative to non-spawning
periods. The disproportionate focus on this relatively brief event results in a limited
understanding of the habitat occupancy by individuals during non-spawning periods.
Without a more complete understanding of the biology of lake sturgeon, including that of
pre-reproductive adults and non-spawning adults, efforts to conserve and restore lake
sturgeon may not be designed effectively. Two notable areas in need of investigation are
patterns of recruitment and the distribution of individuals in open-water habitat relative to
their population of origin.

In this study, I investigated aspects of lake sturgeon biology from natality
(recruitment) to mortality (harvest) as well as open-water habitat use. By incorporating
genetic, habitat, and population information for remnant breeding populations throughout
Lake Michigan, this study provides new insight on lake sturgeon populations, including
patterns of recruitment over time and habitat occupancy during non-spawning periods.
The knowledge gained through this work will help guide future management actions and

restoration efforts for this unique species of significant conservation concern.
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CHAPTER ONE : POPULATION ASSIGNMENT OF LAKE STURGEON OF
UNKNOWN ORIGIN FROM OPEN-WATER HABITATS IN LAKE MICHIGAN
Introduction

Examining habitat occupancy and movement by organisms has been a focus
within fisheries science and wildlife management, as such examinations allow
populations and their movements to be monitored. One method of observing habitat
occupancy is through direct methods such as mark-recapture studies (Labonne and
Gaudin 2005) and direct observation (Trenham et al. 2000). Other recent studies have
combined direct (tagging, mark-recapture, observation) and indirect (genetic) approaches.
For example, Wilson et al. (2004) used both direct and indirect methods to examine
brook charr, Salvelinus fontinalis, movement patterns across two populations in
Newfoundland. Some authors suggest moving toward indirect methods as a surrogate for
direct methods (e.g., mark-recapture, Pearce et al. 2001).

Using genetic methods in addition to, or in place of, direct methods to better
understand habitat use and dispersal may be of utility in certain situations. For example,
direct methods may not yield sufficient information or may be too labor-intensive if
species inhabit inaccessible habitats or are found in low densities across large areas of
habitat. Given genetic data on potential source populations, one method that has been
used to elucidate questions of habitat use and dispersal is mixed stock analysis (MSA,
e.g. Pella and Masuda 2001)

MSA examines groups of individuals of unknown, and assumed multiple, origins
and estimates the proportional contributions of putative source populations based on

genetic characteristics (allelic frequencies and multilocus genotypes). Application of this
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method has included a number of management- and conservation-related research
questions in fisheries, specifically for sympatric species subject to harvest. For species
that co-occupy habitats and are subjected to harvest, studies have examined the
contribution of individual salmonid populations to total salmonid harvest both within
U.S. waters (Shaklee et al. 1999) and throughout the northern Pacific Ocean (Beacham et
al. 2006). Investigations of population differentiation, including MSA analyses, have
also been used to guide management of declining sockeye salmon, Oncorhynchus nerka,
fisheries in British Columbia (Nelson et al. 2003). Application of MSA has also involved
issues outside of harvest management, including how environmental changes from the
Exxon Valdez oil spill differentially affected spawning populations of sockeye salmon
contributing to a common habitat (Seeb et al. 2000).

The Laurentian Great Lakes are home to a diversity of fish species, many of
which share habitat but form distinct breeding populations within the same species. In
addition to representing a vast area of freshwater habitat, the Great Lakes also provide
examples of an variety of human-mediated environmental changes. MSA techniques have
been applied within the Great Lakes to better understand the effect of a number of
different anthropogenic actions on fish populations. To evaluate the success of various
stocking and its effects on lake trout, Salvelinus namaycush, populations in the Great
Lakes, Page et al. (2003) used MSA to examine recruitment of three lake trout hatchery
strains to open-water populations. The results from this analysis showed that different
strains (types) of hatchery fish had varying degrees of stocking success. Using MSA to
evaluate walleye, Stizostedion vitreum, populations in Lakes Erie and Huron, McParland

et al. (1999) found that not all populations contributed equally to harvest within the

13



Huron-Erie corridor. These examples illustrate the utility of MSA for research focusing
on fisheries populations for conservation, management, and monitoring.

Within the Great Lakes, one species of great conservation focus is the lake
sturgeon, Acipenser fulvescens. Lake sturgeon are of conservation priority throughout
their range (Welsh 2004), which historically spanned 18 states in the U.S. and 5
provinces in Canada (Houston 1987). Since the colonization of the Great Lakes region
by Europeans more than 200 years ago, lake sturgeon have experienced marked declines
in numerical abundance, especially over the last half of the 19™ (late 1800s) century.
These declines have been attributed to habitat loss and degradation, pollution, loss of
habitat connectivity and overexploitation. Recent estimates indicate that lake sturgeon
currently exist in approximately 1% of their historical abundance; where populations
remain, they are numerically depressed relative to historic levels (Hay-Chmielewski and
Whelan 1997).

Lake sturgeon are long-lived fish (Baker 1980), with a delayed onset of sexual
maturity (between 15 and 25 years, depending on sex; Houston 1987). After maturation,
the interval between spawning events varies by sex, with males spawning every one to
four years and females spawning every three to seven years depending on location (Auer
1999b, Beamish et al. 1996). Lake sturgeon are potadromous, migrating from freshwater
lakes to rivers to spawn (Houston 1987).

As a result of their life history, reproductively mature lake sturgeon are found in
their natal streams during the brief spawning period, remaining in rivers for 1-2 weeks,
although some individuals may stage in the river for months. Habitat use during other

(non-spawning) periods, and by non-spawning individuals, is variable and less well
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characterized. Considering the late maturation and intermittent spawning of these fish,
the spawning period is a small fraction of the life of a sturgeon. Individuals present in
potentially shared habitats during non-spawning periods could originate from any
population. Therefore, groups of individuals present in common habitats and/or at non-
spawning times cannot be used to evaluate population size or population-specific
dispersal patterns, regardless of proximity to a given potential source population.
Individuals may travel great distances between spawning runs, especially since spawning
does not occur annually.

Relying solely on direct methods of population assessment, such as mark-
recapture and tagging studies, it is difficult to characterize breeding populations of lake
sturgeon sufficiently because of their life history. In order to identify population of
origin with high confidence, in the absence of genetic information it would be necessary
to capture, tag, and monitor spawning individuals. As juveniles may spend up to 20 years
in open-water habitats before returning to spawn, and adults 2-7 years, it is likely that
there would be an extensive interval of time between tagging an individual and gathering
data on that individual upon its return. Even if individuals bred more frequently (shorter
interval between spawning events), it would take a number of years of sampling to
characterize a breeding population, as only a fraction of the individuals originating from a
given river will spawn, and therefore be susceptible to capture, in any one year.

In contrast to direct methods, genetic approaches have the potential to yield
information on population of origin for all individuals captured at any time and location.
Lake sturgeon provide an excellent system in which to apply MSA approaches to address

issues relevant to conservation. Previous research (DeHaan 2003, DeHaan et al. 2006)
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identified regions of significant genetic discordance among breeding populations of lake
sturgeon in the Great Lakes (Figure 2). Spatial variance in allelic frequencies were
shown to be apportioned between lake basins (Lake Superior vs. Lake Michigan and
Lake Huron) and among rivers within each basin. Breeding populations in tributaries to
Lake Superior are highly differentiated from all other populations in the upper Great
Lakes (significant bootstrap iterations = 990/1000), and there is also significant genetic
differentiation between populations in western Lake Michigan when compared to
populations in Lake Superior and Lake Huron (significant bootstrap iterations =
907/1000). Within Lake Michigan, populations in tributaries on the eastern shore
(Muskegon and Manistee Rivers) were shown to be genetically differentiated from
populations in tributaries to Lake Huron (significant bootstrap iterations = 830/1000).
Significant spatial structure was also found within the western basin of Lake Michigan,
with significant divergence among populations in the Menominee, Wolf, Fox, Oconto,
and Peshtigo Rivers. As there is not evidence for significant differentiation between
populations in the Oconto and Peshtigo Rivers, populations in these rivers were paired as
the Oconto/Peshtigo Rivers in all analyses. Similarly, the Fox and Wolf River systems
are not significantly genetically differentiated. In all analyses, the Fox River was used to
represent this system. On the eastern side of Lake Michigan, the Manistee and Muskegon
Rivers are not highly genetically differentiated, so the Manistee River was used to
represent the eastern basin of Lake Michigan, as it is the larger of these two remnant
populations (Elliott 2003).

Successful restoration efforts for lake sturgeon populations require a fundamental

understanding of life-history patterns, including habitat occupancy during non-spawning
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periods, which can be elucidated using MSA. The results from this work provide
information not previously available to research and recovery efforts, as patterns of
population presence can now be examined across shared habitats. Such information is
crucial because little is known about adult or subadult distributions and movements in
open-water habitats during non-spawning periods. Information on habitat use can be
implemented to predict risks to populations. For example, if individuals from distinct
breeding populations are concentrated in different habitats, populations may be
differentially affected by incidental harvest or environmental catastrophe.

This study focuses on open-water sites sampled throughout Lake Michigan over
multiple years in order to examine patterns of population presence and abundance
throughout the lake basin. If fish are dispersing at random throughout all available
habitat, it is expected that the probability of encountering individuals from breeding
populations will not differ significantly throughout the basin. Heterogeneity in estimates
of population contribution at different open-water sampling locales across the basin
would provide strong evidence for non-random dispersal of individuals from specific
breeding populations.

The life history of lake sturgeon precludes the use of more traditional, direct
methods of observing movements within open-water habitats. By using genetic
information, [ was able to examine habitat use and dispersal during non-spawning
periods, which represent important, yet not fully understood, aspects of lake sturgeon
biology. Knowledge of how populations contribute to open-water habitats, and

particularly how those contributions change as a function of distance, season (time of
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year), bathymetric features, and other factors, will help inform more effective
conservation and management actions for lake sturgeon.
Methods
Sample collection: baselines

As part of ongoing research on lake sturgeon throughout Lake Michigan (e.g.
DeHaan 2003, Gunderman and Elliott 2004) spawning adult lake sturgeon were captured
by cooperating agencies and institutions from five different remnant populations that
breed in tributaries throughout Lake Michigan: the Fox (n=71), Peshtigo and Oconto
Rivers (n=91) (Wisconsin), the Manistee River (n=80) (Michigan) and the Menominee
River (n=41) (Michigan/Wisconsin) (Figure 3). Individuals were measured (length,
girth, weight), and implanted with internal (passive integrated transponder, PIT) and
external (Floy) tags for future identification. Samples of fin tissue (approximately a 1 cm®
clip of the dorsal fin) were also collected, allowed to dry, and stored in scale envelopes at
ambient temperature (Gunderman and Elliott 2004, DeHaan et al. 2006).
Sample collection: mixtures

Sampling of lake sturgeon (population of origin not known) was concentrated
throughout the waters of Green Bay, Lake Michigan, from 2002 to 2006 (Figure 4). In
Green Bay, lake sturgeon were sampled by USFWS, Michigan Technological University,
Michigan Department of Natural Resources (MiDNR), and Wisconsin Department of
Natural Resources (WiDNR) field researchers working with commercial fishers using
trap nets and gill nets. Nets varied slightly in dimensions but all commercial lake
whitefish, Coregonus clupeaformis, trap nets had leads of approximately 1000 ft and pot

mesh of 4.5 inches. Commercial gill nets varied in mesh size depending on the targeted
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species (lake whitefish, ~4.5 inches; perch, Perca flavescens, ~2.5 inches). Samples were
collected throughout the calendar year, with the majority of samples from collections in
the spring and early summer in most areas of the lake and additional samples collected
during the fall and winter in other areas. All individuals were marked with an external
Floy tag and an internal (PIT, passive integrated transponder) tag (Gunderman and Elliott
2004). Samples also were collected from individual lake sturgeon captured from several
locations in open-water around Lake Michigan (Figure 3). All fin tissue samples
(approximately a 1 cm’ clip of the dorsal fin) were allowed to dry, and stored in scale
envelopes at ambient temperature.

Sampling within Green Bay represents a combination of logistical limitations and
opportunity. Specific areas were targeted based on results of prior telemetry surveys and
previous fishing that indicated the presence of adult lake sturgeon (R. F. Elliott, personal
communication). Large commercial-size trap nets were used because of their efficiency
in collecting large numbers of sturgeon in open water habitats. However, the use of trap
nets was limited to water deeper than approximately shallower than 30 ft.

Additional incidental collections of lake sturgeon by commercial fishers were
influenced by the species they were targeting at the time. For example, in the far
southern portion of Green Bay, commercial fishing targeted perch, Perca flavescens, and
whitefish, Coregonus clupeaformis, where only whitefish were targeted in the central and
northern waters of the bay. Elsewhere around Lake Michigan, fin tissue samples were
collected from a number of sources, including incidental catches by commercial fishers
and fish found dead on lakeshores. Other samples were obtained by additional

researchers throughout Lake Michigan (e.g., Little Traverse Bay Band of Odawa Indians,
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Grand Traverse Band of Chippewa Indians, Little River Band of Ottawa Indians) using
trap nets and gill nets.
Genetic Analyses

MSA requires information from multilocus genotypes for both individuals of
known origin (baselines) and individuals of unknown origin (mixtures). DNA was
extracted from lake sturgeon fin tissue samples using QIAGEN DNeasy® kits (QIAGEN
Inc.) according to manufacturers’ protocols. All samples were diluted to a consistent
DNA concentration of 20 ng/ul for use in PCR reactions.

Individuals were genotyped at 8 microsatellite loci including LS-68 (May et al.
1997), Afu68b (McQuown et al. 2002), Sp/120 (McQuown et al. 2000), Aox27 (King et
al. 2001) AfuG9, AfuG63, AfuG74, AfuGl112, (Welsh et al. 2003). PCR reactions were
conducted in 25 pl volumes containing 100ng DNA, 10X PCR Buffer (1M Tris-HCI, 1M
MgCl12, 1M KCl, 10% gelatin, 10% NP-40, 10% Triton-X), additional MgCI2 as
determined by optimizations (1.0ul: LS-68, Afu68B, Spl120, AfuG112; 1.5ul: AfuGY9),
2mM of each dNTP, 10 pmol of forward and reverse primer and 0.5 pl Taq polymerase.
PCR conditions were as follows: 94° C for 2 minutes, followed by 30 cycles of 94° C for
1 minute, 1 minute at primer-specific annealing temperatures (4fuG9, AfuG63, AfuGl12:
48C; AfuG74: 50C; Aox27: 53C; LS68, Afu68B: 56C; Spl120: 62C) and 72° C for 1
minute. PCR products were run on 6% denaturing polyacrylamide gels and visualized on
a Hitachi FMBIOII scanner. Allele sizes were determined using commercially available
size standards (MapMarkerTM, BioVentures Inc.) and based on standard samples of
known genotype. To minimize error, all genotypes were independently scored by two

experienced lab personnel and verified again after data were entered into electronic
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databases.
Statistical Analyses
Background

Mixed stock analysis (MSA) uses differences in allelic and genotypic frequencies
among baseline (breeding) populations to estimate proportional contributions of baseline
populations to a given mixture sample. In general, this method is more accurate as more
polymorphic markers are added to baselines, assuming that there are differences in allelic
frequencies among baseline populations (Kalinowski 2004) and that allele frequencies are
estimated with minimal error (Guinand et al. 2004).

Mixture analysis was conducted using the Statistical Program for the Analysis of
Mixtures, version 3.7b (SPAM; Debevec et al. 2000, ADFG 2003). SPAM uses a
Bayesian approach, incorporating information from baseline populations as priors to
inform population allocation of mixtures to putative populations of origin. In contrast to
other (frequentist) approaches, the Bayesian method incorporates information about the
genetic similarities across stocks in allocating mixtures to populations of origin, which
increases both accuracy and precision of estimates (Pella and Masuda 2001). Unlike
other estimators, this Bayesian method is accurate even in the presence of rare alleles (in
mixtures or baselines) and when composition estimates begin to differ greatly across
baselines (Pella and Masuda 2001). In this study, individuals from open-water habitats
(population of origin is not known) were assigned to populations of most probable origin
by repeated resampling (over a series of Monte Carlo Markov Chain [MCMC] iterations)
of both baselines (individuals of known origin) and mixtures (individuals of unknown

origin).
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The first step of analysis in SPAM is to treat each baseline as a set of unknown
individuals and proportionally assign individuals from each baseline population to
potential populations of origin. The purpose of these simulations is to determine
accuracy, precision, and allocation bias when assigning individuals from a mixture
sample (admixed population) to source populations. In a dataset with completely
accurate population allocation, 100% assignment would occur to the same baseline
population and assignments to the other baseline populations would be 0%. Deviations
from 100% allocation indicate where, and in what direction, misassignments are likely to
occur in empirical mixtures of unknown composition.

Misallocation may be due to two factors: populations that are not sufficiently
characterized (e.g., low sample size and imprecision in estimates of allele frequency), or
as a result of genetic similarities across populations (Kalinowski 2004). In the second
case, the magnitude of misallocation will reflect degrees of genetic differentiation among
baseline populations (Kalinowski 2004). Baseline populations characterized by higher
misallocation are likely to be genetically similar to other baseline populations.

Given a sufficient degree of accuracy in baseline assignments, based on
simulation analysis, empirical mixtures are subsequently analyzed (estimation analysis)
using the same statistical techniques as the simulations described above. In this study,
baselines populations are remnant spawning populations of lake sturgeon across the Lake
Michigan basin.

Because of the limited number of possibilities of resampling within a small
sample size, SPAM can have very low power when working with a small sample size.

When a small sample size is of interest, individual assignment (IA; Paetkau et al. 1995) is
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a more effective method of classification. Additionally, IA analysis allows the
examination of population of origin for specific individuals of interest.

While there is utility in examining individual assignments, there are also
limitations to IA. The confidence with which an individual may assign to a population
may be very low, indicating a high degree of uncertainty in assignment. In an effort to be
somewhat conservative in IA analysis, an individual was only considered “assigned” if
the posterior probability of assignment was >90%. This value was chosen as a balance
between two factors: (1) the commonly accepted error rate of 5% (Gotelli and Ellison
2004) which in this case corresponds to a posterior probability of assignment >95%, and
(2) the nature of work within interconnected source populations, as gene flow across
populations can decrease the accuracy of assignment (Hansen et al. 2001).

Analyses of baseline populations: simulation analyses

To examine precision and accuracy of assignment, multilocus genotypes from
known spawning individuals from four Lake Michigan tributaries— the Fox River,
“Mich