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Abstract

Recent assessments have indicated the emergence of naturally produced lake trout (Salvelinus
namaycush) recruitment throughout Lake Huron in the North American Laurentian Great Lakes. By
2013, more than 50% of young fish (<7 yrs) were produced by naturally spawning fish. Because naturally
produced fish derived from different stocked hatchery strains are not phenotypically distinct and are
unmarked, managers cannot distinguish what strains are contributing to natural recruitment. We used 15
microsatellite loci to characterize the originating strains of naturally produced Lake Huron lake trout
(N=1567) collected in assessment fisheries during an early (2002-2004) and late (2009-2012) sampling
period. Individuals from 13 American and Canadian hatchery strains (N=1143) were genotyped to
develop standardized baseline information for source strains. Strain contributions were estimated using a
Bayesian inferential approach, and deviance information criteria was used to compare models evaluating
strain contributions at different spatial and temporal scales. The best performing models were the most
complex models, suggesting that hatchery strain contributions to naturally produced lake trout varied
spatially among management districts and temporally across time periods. Contributions of Seneca strain
lake trout were consistently high across management districts, with contributions increasing from early to
late time periods. Strain contributions deviated from expectations based on historical stocking levels,
suggesting strains differed with respect to survival, reproductive success, and/or dispersal. Knowledge of
recruitment levels of strains stocked in different management districts within a lake, and how strain-
specific recruitment varies temporally, spatially, and as a function of local or regional stocking is
important to target strains to prioritize for future stocking and management of the transition process from

primarily hatchery stocks to naturally produced stocks in Lake Huron and other Great Lakes.

Key words: Great Lakes, recruitment, restoration, Salvelinus, stocking



Introduction

In the Laurentian Great Lakes of North America, lake trout (Salvelinus namaycush) experienced
considerable reductions in population abundance and distribution over the last two centuries (Hansen
1999). Historically, lake trout were a dominant predator in the lakes and were important drivers of human
settlement around the basin (Muir et al. 2013). During the 19" and 20" centuries, native lake trout stocks
declined in each lake owing to over-exploitation, parasitism by sea lamprey (Petromyzon marinus),
predation and competition stemming from the introductions and spread of alewife (4/osa
pseudoharengus) and rainbow smelt (Osmerus mordax), and anthropogenic effects on water quality
(Hansen 1999; Muir et al. 2013). Management actions were undertaken in the 1950s to restore lake trout
populations in the Great Lakes, including stocking of juvenile fish, closure of commercial fisheries, and
reduction of sea lamprey populations through lamprey control efforts (Muir et al. 2013). After decades of
considerable effort, however, lake trout restoration in the Great Lakes has still not been fully realized
except in Lake Superior (Muir et al. 2013). In Lake Superior, detailed information on hatchery strain-
specific recruitment and survival were not available when stocks were recovering, which are required to
unambiguously quantify the relative contributions of environmental, ecological, and management actions
to the restoration of self-sustaining lake trout populations. For example, debate exists surrounding the
relative importance of recruitment from remnant wild stocks or hatchery strains to lake trout restoration
(Schram et al. 1995; Guinand et al. 2004).

Lake Huron is presently in the early stages of a lake trout restoration success like that seen on Lake
Superior (Johnson et al. 2015). Lake trout stocking began in Lake Huron in 1973, and thereafter annual
stocking levels have ranged between 1.39 and 1.95 million yearlings (He et al. 2012). Since the mid-
2000s, agency assessments have indicated the emergence of naturally produced lake trout recruitment in
most management units based on collections of age-0 and untagged sub-adult and adult fish (Riley et al.
2007; He et al. 2012). The year-class strength or annual relative abundance of naturally produced lake

trout has increased dramatically over time in three locations where long-term monitoring has occurred:
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Drummond Island, American off-shore reefs, and Canadian jurisdictions of the central main basin (He et
al. 2012; Johnson et al. 2015). Fifty percent of young (<7 yr) lake were naturally produced by 2013
(Johnson et al. 2015). Naturally produced year-class abundances in different areas of Lake Huron are
positively correlated, suggesting that factors contributing to improvements in natural recruitment are
occurring at lake-wide scales. Basin-wide adult catch per effort (CPE) has been found to be correlated
with year class strength of naturally produced fish suggesting a connection between the abundance of
spawning stocks and levels of natural reproduction (Fitzsimons et al. 2010; He et al. 2012). Natural
recruitment further increased as thiamine concentration in lake trout eggs increased after the alewife
population collapse in 2003 (Riley et al. 2012). Presently, naturally produced lake trout have been
estimated to compose approximately 40% of the total lake trout spawning biomass in Lake Huron (Ji He,
Michigan DNR, personal communication).

A critical need to support lake trout restoration efforts is improved understanding of recruitment
variation over space and time (Zimmerman and Krueger 2009). Because naturally produced fish derived
from hatchery parents are not phenotypically distinct, managers lack the ability to characterize strain-
specific rates of recruitment and whether recruitment at specific locales can be attributed to either
reproductive success of strains stocked at or near each sampling station, or to dispersal and immigration
of individuals from strains stocked elsewhere (e.g., source-sink effects; Pullium 1988). Previous research
(Page et al. 2003; Madenjian et al. 2004) has shown that strain abundance at spawning locales is a poor
predictor of strain-specific reproductive success, but this work was not spatially extensive enough to
address the general questions of the effects of dispersal and local stocking on the abundance and spatial
distribution of naturally produced lake trout origination from different strains. Knowledge of recruitment
levels of hatchery strains stocked in different management units, and how recruitment varies across time
periods, locations, and as a function of local or regional (i.e., statistical reporting districts or combinations
of districts in American and Canadian waters) stocking efforts, will provide information needed to
improve future stocking efforts in Lake Huron and other Great Lakes.

The main goal of our research was to determine relative contributions of stocked hatchery strains to
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emerging naturally produced lake trout populations in Lake Huron. Specific objectives were to: (1)
determine whether strain contributions differed spatially among Lake Huron sub-basin regions, or
combinations of these (e.g., American versus Ontario jurisdictional waters); (2) determine the degree of
temporal consistency in hatchery strain contributions within management districts; (3) determine whether
strain contributions deviated from what was expected given historical stocking levels and incorporating
current knowledge about post-stocking dispersal and survival of lake trout; and (4) quantify levels of
assortative mating and inferentially the proportion of inter-strain hybrids in naturally produced mixtures
in different regions of Lake Huron during different years. Our specific hypotheses that we were interested

in testing included the following:

(a) the strain composition of naturally produced lake trout varied among management districts within
Lake Huron ;
(b) the strain composition of naturally produced lake trout differed between time periods within a

management district.

(©) the strain composition of naturally produced lake trout within a management district was
consistent with stocking levels of hatchery fish in that lake district which are sexually mature at
the time naturally produced-caught lake trout were produced;

(d) dispersal by lake trout strains from regions of stocking contributed to recruitment of naturally
produced lake trout in different regions.

We note that these are hypotheses to test and not statements of belief. For example if (d) were true this

would mean that (¢) would not be.

Methods

We utilized genotypes from microsatellite DNA loci from naturally produced lake trout and from 13
hatchery strains stocked into Lake Huron (Table 1). We used samples of naturally produced subadults
and adults (age range 4-10 yrs) collected in assessment fisheries conducted by agency and tribal

cooperators during March-December during two time periods that we designated as ‘early’ (2002-2004)
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and ‘late’ (2009-2012) time periods, which generally correspond to periods of naturally produced lake
trout emergence and establishment, respectively (see Figure 1 for details concerning timing and ages of

samples from American and Canadian locations).

Sample collections - Samples of naturally produced lake trout were collected by cooperating agencies
including the Michigan Department of Natural Resources (MDNR), Chippewa Ottawa Resource
Authority (CORA), U.S. Fish and Wildlife Service (USFWS), Ontario Ministry of Natural Resources and
Forestry (OMNRF) and U.S. Geological Survey (USGS) from 10 American (MH1, MH2, MH345) and
Canadian (OH1, OH2&3, OH4&5, NC1&2, NC3, GB1-3, GB4) defined regions located throughout Lake
Huron (Figure 2). These names refer to spatial regions corresponding to management districts or
amalgamation of such districts (e.g., OH4&5 corresponds to the combined OH4 and OHS statistical
districts in Canadian waters of Lake Huron). Samples were collected using multifilament nylon gill nets
or trap nets that were bottom set overnight across depth contours (see He et al. 2012 for details). Sample
sizes by period and location are detailed in Table 1. Individuals were identified as “naturally produced”
based on absence of coded wire tags (CWT) and absence of clipped fins. Tissue samples were preserved
in 95% ethanol (fins, muscle) or were placed in scale envelopes and allowed to dry (fins, scales). The
date of capture, total length, capture site, and age were recorded for each lake trout. Age determinations

were made for all individuals using either pectoral fin rays, otoliths, or (for smaller fish) scales.

Genetic data - DNA was extracted from fin or scale tissue for both mixture and baseline individuals
using QIAGEN DNeasy kits (QIAGEN Inc., Germantown, MD) using manufacturer’s protocols. A
spectrophotometer was used to quantify DNA concentrations for all samples for use in PCR reactions.
Individuals were genotyped at 15 microsatellite loci: Ogola (Olsen et al. 1998); One9 (Scribner et al.
1996); Scol9 (Taylor et al. 2001); Sfol, Sfol2 and Sfol8 (Angers et al. 1995); Sco202 (DeHaan and
Ardren 2005); SfoC38 and SfoC88 (King et al. 2012); and SnaMSUO01, SnaMSUO03, SnaMSUO0S5,
SnaMSU08, SnaMSU10 and SnaMSU11 (Rollins et al. 2009). All loci were amplified by PCR in single
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locus reactions. Samples of American lake trout hatchery strains and samples from American (Michigan)
management districts in Lake Huron were genotyped at Michigan State University. Samples of Canadian
lake trout hatchery strains and samples from Canadian (Ontario) management districts in Lake Huron
were genotyped at the U.S. Geological Survey Great Lakes Science Center.

PCR conditions and data standardization protocols are described in the Supplemental Materials
Methods. All genotypes were independently scored by two experienced lab personnel and 10% of the
samples were randomly selected and re-genotyped at all 15 loci. Genotype scores were compared with
the original scores to derive an empirical estimate of scoring error, which was estimated to be 0.4% as

averaged across all 15 loci.

Data Analysis

Estimation of allele frequency and summary measures of genetic diversity-

Estimates of allele frequency and summary measures of genetic diversity including heterozygosity,
number of alleles per locus, and Wright’s inbreeding coefficient (Fi) for hatchery strains and naturally
produced individuals collected during the early and late time periods and from different management
districts were estimated using program FSTAT (Guodet 2001). F-statistics (Weir and Cockerham 1984)
quantifying the variance in allele frequency among lake trout hatchery strains were also calculated using
FSTAT.

As a demonstration that our lake trout hatchery baseline data would permit accurate assignment of
individuals to their strain of origin, we simulated single-population samples (i.e., 100% mixture
simulations). Simulations were conducted in program ONCOR (Kalinowski et al. 2008). The program
implements simulations described by Anderson et al. (2007) involving the generation of multiple (1000
iterations) mixtures comprised of solely one hatchery strain. Bootstrapped mixture sample sizes were
simulated for 200 fish, and the hatchery baseline sample sizes were set equal to the actual sample sizes for

empirical American and Canadian hatchery strains. Our target accuracy level for the 100% mixture



simulations was 90% for each spawning populations, a target accuracy benchmark used previously in

empirical fisheries literature (Seeb and Crane 1999; Beacham et al. 2012).

Estimation of hatchery strain contributions to first-generation lake trout mixtures in Lake Huron -

The analysis to estimate hatchery strain contributions to emerging naturally produced lake trout
populations in Lake Huron was based on a model described by Gaggiotti et al (2002; 2004) and expanded
by Guo et al. (2008) for quantifying source population contributions to newly founded colonies. A basic
assumption of the model is that all naturally produced fish are first-generational (F1) descendants of
hatchery fish previously stocked by Great Lakes fishery management agencies (Gaggiotti et al. 2002;
2004). Potential violations of this assumption are addressed in the Discussion. A feature of the
estimation model is that it allows for assortative mating of individuals from the same hatchery strain
(Gagiotti et al. 2002; 2004), which could arise from various factors such as differences in spawning
habitat or limited dispersal from stocking locations. In the original formulation of the model by Gaggiotti
et al. (2002; 2004), source population contributions were modeled as functions of biotic or abiotic data,
such as distance of source populations from the newly formed colony or some measure of reproductive
productivity of the populations. We chose to not use this approach for the hatchery strain contributions
and instead estimated the contributions as freely-varying parameters (albeit recognizing the unit-sum
constraint of the contributions).

Hatchery strain contributions to the naturally produced lake trout populations were estimated using a
Bayesian inferential approach, which better allows for characterization of uncertainty in parameter
estimates. For this approach, the posterior probability distribution for the unknown parameters [i.e.,
hatchery strain contributions (p), assortative mating coefficient (®), and allele relative frequencies of the

hatchery strains (Q)], can be specified as

n(Q,p.0|Y,X)xcn(Y|Q,p,0)n(Q|X)rn(p)rn(v) (1)



where Y is the multi-locus genotypes observed in a sample of naturally produced lake trout, X is the

genotypes observed in samples taken from the hatchery strains, 7 ( p) andm (0)) are the prior probability

distributions assumed for the hatchery strain contributions and assortative mating coefficient,

respectively, © (Q | X ) is the prior probability distribution for allele relative frequencies of the hatchery

strains given the collection and genotyping of individuals from the strains, and (Y |O, p, 0)) is the
probability of observing the multi-locus genotypes observed in a sample of naturally produced lake trout
for given values of Q, p, and o (i.e., the model likelihood).

A Dirichlet probability density function was assumed for © ( p) with concentration parameters set
equal to the inverse of the number of hatchery strains, meaning that prior to data collection each hatchery
strain was assumed to contribute equally to the mixture. A uniform probability density function with
lower and upper bounds of 0.0 and 1.0 was assumed for « (0)) . Our specification of & ( 0l X ) followed
that of Rannala and Mountain (1997). Specifically, the Rannala and Mountain (1997) approach is based
on a separate Bayesian analysis, where the posterior distribution from that analysis provides the prior
T (Q | X ) for the mixture model. The separate Bayesian analysis is based on the assumption that before
individuals are sampled from the hatchery strains, the alleles at a locus in each strain are considered

equally likely. This prior belief is then updated based on the number of observed copies of an allele for a

particular locus and hatchery strain once individuals from the strains have been collected and genotyped

(Rannala and Mountain 1997). Thus, &t (Q | X ) is an informative prior based on samples from the

hatchery strains. As in Rannala and Mountain (1997), a Dirichlet probability density function was

assumed for © (Q | X ) . When fitting the mixture models, the parameters of © (Q | X ) were fixed so that

the distribution of @ was not updated as part of the model fitting process.



The probability of observing the multi-locus genotypes observed in a sample of naturally produced lake
trout for given values of Q, p, and ® followed directly from Gaggiotti et al. (2002; 2004) as well as from
Guo et al. (2008)

M 1 1
w(410.p.0) 1[0 2 (1010 827 0 )2 S 01|
where M is the total number of sampled naturally produced lake trout, p; and p; are the proportional
contributions of the i-th and j-th hatchery strains to the naturally produced lake trout population (elements
of p), and f(y.|if) is a genetic model describing the probability a lake trout having the genotype of the m-th
individual given that one parent is of the i-th strain and another parent is from the j-th strain (potentially i
= j when both parents are from the same strain). For individuals with both parents from the same strain

(i.e., i =), the probability of a lake trout having the genotype of the m-th individual is

ym |ll HSImqa”I,q%,,, (3)

where 9a, is the allele frequency of the /-th locus in the i-th hatchery strain corresponding to the first

allele observed in the m-th individual at the /-th locus, g, ~is the allele frequency of the /-th locus in the

i-th hatchery strain corresponding to the second allele observed in the m-th individual at the /-th locus,

and 6, 1s an indicator variable defined as

1 ifaq, =a

8 — ' 1m 2Im ) (4)

Im
2 lf allm # a21m

For individuals with parents from two different strains (i.e., i #), the probability of a lake trout having

the genotype of the m-th individual is

L
= H (qallm;h' qazzm;z,' + ’Ylmqazzm;u qallm;l/’ ) (5)

=1

where
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_ 0 lf allm = a2/m
Yim = . : (6)
1 ifa, #a,,

Given that o corresponds to the probability of a naturally produced lake trout arising from assortative
mating among hatchery strains, 1-m corresponds to the probability of a naturally produced lake trout
arising from random mating among the strains (Gaggiotti et al. 2002; 2004).

To assess the degree of spatial and temporal consistency in the hatchery strain contributions, we fit a
series of models to different groupings of naturally produced lake trout data. The groupings consisted of
two categories: 1) spatial/temporal, and 2) spatial. The spatial/temporal grouping involved naturally
produced lake trout collected from MH-1, MH-2, MH-345, and OH-1 where samples were available from
both early and late time periods. For most other Lake Huron statistical districts, sample sizes of naturally
produced lake trout during early periods were low (in many cases 0; Table 1), which is why we limited
analyses to just these four management districts. The spatial grouping involved naturally produced lake
trout collected from the spatial management districts GB-1234, MH-1, MH-2, MH-345, OH-1, OH-23,
OH-45, NC-12, and NC-3 during the late period only. For each grouping, four models were fit. In the
case of the spatial/temporal grouping, the four models that were fit were pooled (common strain
contributions and assortative mating coefficients for all spatial regions and time periods), separate (unique
strain contributions and assortative mating coefficients for each spatial region and time period), spatial
(unique strain contributions and assortative mating coefficients for each spatial region but pooled over
time periods), and temporal (unique strain contributions and assortative mating coefficients for each time
period but pooled over spatial region). In the case of the spatial grouping, the four models that were fit
were pooled (common strain contributions and assortative mating coefficients for all spatial regions),
separate (unique strain contributions and assortative mating coefficients for each spatial region),
Michigan vs. Ontario (unique strain contributions and assortative mating coefficients by jurisdictional
authority), and basin [unique strain contributions and assortative mating coefficients by Lake Huron basin

(i.e., main basin, Georgian Bay, North Channel)].
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The estimation procedure was programmed in AD Model Builder, which includes a Metropolis-Hasting
algorithm for conducting Markov chain Monte Carlo (MCMC) approximation to posterior probability
distributions (Fournier et al. 2012). The objective function used to estimate the models equaled the sum
of the negative log. likelihood and negative log. priors specified above. For most models, MCMC chains
were run for 1 million steps, sampling every 100" step, and discarding the initial 3,000 saved steps as a
burn-in period. For the separate model under the spatial/temporal grouping MCMC chains were run for
1.5 million steps, sampling every 100™ step and discarding the initial 5,000 saved steps as a burn-in
period. For the separate model under the spatial grouping, MCMC chains were run for 3.0 million steps,
sampling every 100" step and discarding the initial 20,000 saved steps as a burn-in period. Convergence
of the MCMC chain for each model was evaluated by constructing trace plots for the model negative log,
likelihood as a visual check to ensure the chain was well-mixed and using Z-score tests to evaluate
differences between the means of the first 10% and last 50% of the saved chain (Geweke 1992).
Additionally, we calculated effective sample size of the saved MCMC chain (for log. likelihood) to
evaluate whether the saved chain contained enough information to make inferences about the posterior
distribution. With an effective sample size in the thousands we believe such inferences are easily
supported. Convergence diagnostics were conducted on the model negative log. likelihood as an omnibus
test of convergence given that some estimated models had in excess of 100 parameters being estimated.
Means of the posterior probability distributions for the model parameters were used as parameter point
estimates. Ninety-five percent highest posterior density intervals were used to characterize the
uncertainty associated with each parameter. All MCMC diagnostic measures and highest posterior
density interval calculations were conducted in R (R Core Team, 2012) using the “coda” package
(Plummer et al. 2006).

Performance of the four models fit to each grouping of the lake trout data was assessed using deviance

information criteria (DIC) (Spiegelhalter et al. 2012). DIC was calculated as

DIC=D+p, (7)
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where D is the average deviance for a model measuring fit and pp and is the effective number of

parameters. The average deviance for a model was calculated as
_ C
D=— Z ~2log, (n(Y Q. p. o)) (8)
c=1

with C equal to the number of MCMC steps saved minus the burn-in, whereas pp was calculated as
pp=D-D() ©)

where D (6) is the deviance evaluated at the posterior mean parameter estimates.

Expected hatchery strain contributions

Expected contributions of hatchery strains to naturally produced lake trout populations were calculated by
combined numbers of hatchery strains stocked in various management districts in Lake Huron
(Supplemental Table 1) with mortality estimates for Lake Huron lake trout from statistical catch-at-age
assessment (SCAA) models fit to different regions of the lake (Supplemental Table 2) and an assumed
movement matrix (Supplemental Table 3) that was used to allocate stocked lake trout to different regions
of the lake and based on analyses of coded-wire tagging data from lake trout (Adlerstein et al. 2007). We
used numbers of hatchery strains stocked in various management units in Lake Huron from American

agencies (data available at http://www.glfc.org/fishstocking/) and the OMNRF (Adam Cottrill, personal

communication). When calculating expected contributions of hatchery strains, we assumed that all early
lake trout data were obtained in 2003 and all late lake trout data were obtained in 2011. Assuming lake
trout of ages 7—14 were mature, the fish that contributed to the spawning event in 1997 that resulted in the
fish collected in 2003 (which for simplicity we assumed to be all 6 year olds) were stocked from 1983-
1990. Similarly, the fish that contributed to the spawning event in 2005 that resulted in the fish collected
in 2011 were stocked from 1991-1998. The contributions to these spawning events of stocked fish
stocked in a given year were assumed to vary depending on their age (or stocking year), calculated using

the mortality estimates derived from catch-at-age models.
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Results

Characteristics of American and Canadian hatchery strains used in mixture analyses

In total, 1675 naturally produced caught and 1143 hatchery lake trout were genotyped (Table 1).
Estimates of allele frequency and summary measures of genetic diversity for all strains of hatchery lake
trout are provided in Supplemental Tables 4. American hatchery strains generally were characterized by
higher levels of genetic diversity than Canadian hatchery strains (Supplemental Table 4) including allelic
richness (Ar range 6.67 to 9.04 across American strains vs 5.68 to 8.21 across Canadian strains), multi-
locus expected heterozygosity (He ranged from 0.502 to 0.678 for American strains vs 0.410 to 0.592 for
Canadian strains) and Wright’s inbreeding coefficient (Fis range -0.037 to 0.037 for American strains vs -
0.017 to 0.093 for Canadian strains). With the exception of Canadian Big/Parry Sound and Michipicoten
strains, genotype frequencies were in approximate Hardy Weinberg equilibrium (Supplemental Table 4)
and there was no evidence of significant gametic disequilibrium between loci for any strain (P>0.05 after
Bonferroni correction for multiple testing).

We documented high levels of hatchery inter-strain variance in allele frequency (mean Fy=0.061,
P<0.001; Supplemental Table 5). Supplemental Table S6 shows pair-wise estimates of variance (Fs).
Estimates of variance in allele frequency (inter-strain F) ranged from 0.0091 to 0.091 (P<0.001 for all
inter-strain comparisons). Pairwise inter-strain estimates of < were highest for the American and
Canadian Seneca strain lake trout (Supplemental Table 6), which were the only strains that originated
outside the Great Lakes. Large inter-strain variance in allele frequency was further reflected in high strain
allocation accuracy estimated based on 100% simulations (Table 2). Slightly lower levels of hatchery
strain allocation accuracy for the American Marquette and Traverse Island strains resulted from the 100%
simulations (Table 2), with misallocations primarily occurring between these two strains. We attribute
this to the American Marquette and Traverse Island strains having both originated from Marquette Bay in

Lake Superior. A modest level of misallocation was also observed between the U.S. and Canadian
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Seneca strains (Table 2). Collectively, these simulation results showed that strain could be identified with

high accuracy based on the genetic data from the potential sources.

Characteristics of open-water mixtures during the early and late sampling periods

Estimates of allele frequency and measures of genetic diversity for the 10 location/period sampling
groups are presented in Supplemental Table 7. Generally, expected heterozygosity across the American
management districts in both early and late time periods were comparable (Hg ranges 0.591 to 0.620).
Greater variability was observed among Canadian management districts (Hg range 0.561 to 0.633).
Allelic diversity was generally higher in American management districts (range 7.53 to 11.33) than in
Canadian management districts (7.60 to 10.60), generally reflecting the greater genetic diversities of
American hatchery strains (Supplemental Table 4) stocked into American waters of Lake Huron.
Estimates of Wright's inbreeding coefficient Fi, revealed higher positive Fis values from mixtures in
American waters during the early relative to late period (Supplemental Table 7), indicating less inter-
strain mixing or assortative mating in the early relative to late period. Management districts MH1 and
MH345 were characterized by significant positive Fis indicating heterozygote deficiency (0.056 and
0.054, P<0.05, respectively; Supplemental Table 7). Estimates of Fi; were generally higher in Canadian
relative to American sampling units. The magnitude of heterozygote deficiencies likely are a result of the
sample mixture composition and lack of interbreeding among hatchery strains. High positive Fis values
were particularly notable in the Canadian North Channel (NC3) and units in Georgian Bay (GB123 and
GB4; Supplemental Table 7).

We observed significant differences in allele frequency among the 10 management districts (mean Fi; +
SE=0.019 + 0.005; Supplemental Table 8). Pair-wise estimates of variance in allele frequency (F)
among management districts (Supplemental Table 9) revealed that 35 of 45 pair-wise comparisons (78%)
were statistically different from one another in allele frequency after Bonferroni correction for multiple

tests.
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Differentiation between samples from the early and late periods from the same spatial region

Samples were available in both early and lake periods for the same units in main-basin districts of Lake
Huron (MH1, MH2, MH345 for American and OH1 for Canada; Table 4). We observed significant
differences in allele frequency between periods for three of the four regions (MH1, F=0.025, P<0.001;
MH3-5, F«=0.005, P<0.001; OH1, F4=0.058, P<0.001; Supplemental Table 9) that was consistent with
differences in estimated strain contributions. Differences were most likely attributed to differences in the
hatchery strains used to stock in each region and to estimates of hatchery strain contributions across

regions (Tables 4 and 5).

Differentiation among samples from spatial regions

We observed greater differences in allele frequency among Canadian regions than among American
regions (mean Fyi among American and Canadian regions were 0.03 and 0.007, respectively; Tables 4 and
5). Levels of genetic differentiation between American and Canadian regions were also consistently high
(mean F¢=0.024, P<0.001; Supplemental Table 9). Significant differences in allele frequency were
documented even for adjacent regions (e.g. NC12 vs NC3, F4=0.012, P<0.001; OH23 vs GB123,

F4=0.019, P<0.001)

Hatchery strain contributions to the naturally produced Lake Huron lake trout population

MCMC chains for the negative log, likelihoods for each model fit to the spatial/temporal and spatial
grouping of the naturally produced lake trout data were found to have converged on stationary
distributions. Examination of trace plots (not shown) indicated that chains were well mixed with no
apparent stickiness. Geweke (1992) Z-scores for testing convergence of the models ranged from -1.216
to 0.770, suggesting the chains had effectively converged (Table 3). Effective sample sizes of the saved
MCMC chains for the log, likelihood for the various models ranged from 5011.4 to 7000, indicating both
a relatively low level of autocorrelation in the saved chains and adequate information to make inferences

about the posterior probability distributions (Table 3). Based on DIC, the separate models had the best

16



performance for both the spatial/temporal (MH-1, MH-2, MH-345, OH-1 management districts early and
late period) and spatial (GB-1234, MH-1, MH-2, MH-345, OH-1, OH-23, OH-45, NC-12, and NC-3 late
period only) groupings (Table 3). The DIC weights indicated that the strength of evidence for the
separate models for both grouping was overwhelming and there essentially was no empirical support for
the other models (Table 3).

For American spatial management districts of Lake Huron, Lewis Lake, American Seneca, and
Marquette hatchery strains were in general the greatest contributors to naturally produced lake trout
(Table 4). For the MH-1 management district, the Apostle Island and Green Lake strains were estimated
to have fairly large (13 to 29%) contributions during the early time period, but the contributions of these
strains declined to zero during the late time period. The Green Lake strain was also estimated to have had
around a 7% contribution during the early time period for the MH-2 region, but similar to MH-1 the
contribution declined to near zero during the late time period (Table 4). The relative contributions of the
American Seneca strain increased dramatically from the early to the late period in all American
management districts (Table 4), most notably in MH-1 and MH-345. The Canadian Seneca strain was the
only strain from Canada to have a notable contribution to naturally produced lake trout production in
American management districts. For MH-345 during the early time period, the Canadian Seneca strain
contributed around 17% to naturally produced lake trout. During the late time period, the Canadian
Seneca strain contributed around 13, 11, and 14% to the MH-1, MH-2, and MH-345 regions, respectively.
Contributions from the American Seneca, Lewis Lake and Apostle Island strains exceeded expectations
based on historical stocking and historical stocking considering survival and dispersal (Table 4).
Representation of the Marquette strain was consistently below expectations based on the same criteria
(Table 4). Allele frequency differences between American management districts were not significant in
the early sampling period (F for comparisons between MH1, MH2, MH345 not statistically significant,
P>0.05; Supplemental Table 9) likely reflecting similarities in relative proportions of strains stocked into

all units (Table 4) and high movements expected between units (Supplemental Table 3).
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Unlike American districts, there was not a single hatchery strain that composed a majority of
contributions to naturally produced lake trout production in Canadian districts. The Lake Manitou strain
had the largest contribution in the OH-1 region during the early period and in GB-1234 and NC-3 during
the late period (Table 5). Canadian Seneca strain had the largest contribution in OH-23, OH-45, and NC-
12 (Table 5). Lake Manitou lake trout were present in high frequency in NC3 during the late period and
in all GB regions and in OH1. The American Seneca strain was a large contributor to naturally produced
lake trout in several of the Canadian management districts. The American Seneca strain was the largest
contributor to OH-1 during the late sampling period, and contributed from 22 to 43% in the GB-1234,
NC-12, OH-23, and OH-45 management districts during the late sampling period. The Michipicoten
strain was estimated to have contributed 6% and 17% for the GB1234, OH-23, and OH-45 management
districts during the late sampling period. The Big/Parry Sound strain was estimated to have contributed
around 6% to both the GB-1234 and NC-12 management districts during the late sampling period. The
Iroquois Bay strain was estimated to have contributed around 17% in the NC-3 management district,
which was in close alignment to the stocking rate in this district (Table 5). The Slate Island strain was not
estimated to have made any contribution to any of the districts (Table 5).

Estimates of the assortative mating coefficient (o in equation 1) were relatively high in the early
sampling period in American waters (0.519, 0.558, and 0.270 in statistical districts MH-1, MH-2, and
MH-345, respectively; Table 4). However, for the late sampling period, estimates of the assortative
mating coefficient for the same units ranged from 0.016 to 0.121 (Table 4). For Canadian waters, the
only statistical district for which samples were available during the early period was OH-1, where the
estimated assortative mating coefficient for this district and period was 0.01, which was considerably
lower than the corresponding values for American waters. During the late sampling period, estimates of
the assortative mating coefficient for the OH-1, NC-12, NC-3, OH-45 management districts were
comparable to those observed in American waters, ranging from 0.010 to 0.114 (Table 5). However, for
OH-23 and GB-1234, the estimates of the assortative mating coefficient ranged from 0.230 to 0.452

(Table 5).
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The numbers of fish of each hatchery strain stocked into waters of each management district were not
predictive of strain contributions to mixtures sampled (% stocked columns in Tables 4 and 5). Likewise,
stocking combined with age-specific mortality (from statistical catch at age models) and movements
based on observations of aged stocked fish (Alderstein et al. 2007; Tables 4 and 5) also were not
generally reflective of mixture composition (Tables 4 and 5). The high proportional representation of
Seneca Lake lake trout suggests that members of this strain have higher survival, and/or higher fecundity
than lake trout of other strains. In contrast, several American and Canadian strains contributed little to
naturally produced fish sampled (Tables 4 and 5). Given limitations of hatchery space and pending
recommendations to alter stocking prescriptions in Lake Huron, the higher success of Seneca strain lake

trout should be considered if stocking continues.

Discussion
Sustainability of economically, ecologically, and culturally important natural populations of Great Lakes
fishes requires greater understanding of relationships between recruitment from natural and hatchery
sources and dispersal and habitat occupancy by naturally produced recruits. Our research applied
methodology for quantifying temporal and strain-specific contributions to mixed stocks of naturally
produced offspring produced from hatchery strains occupying open-water areas in the Great Lakes. We
identified lake trout hatchery strains that contributed disproportionately to the open-water assessments in
American and Canadian management districts and how individual strain contribution varied spatially and
temporally. Identification of management districts used by individuals of different ages and strains
(populations in general) originating from different management jurisdictions or stocking locations is a
fundamental requisite for lake trout management and recovery in Lake Huron and elsewhere.
Populations of many fish species are spatially genetically structured as a function of rates of straying
and due to genetic drift associated with small effective population size (Taylor et al. 2001; Allendorf et
al. 2013). In the case of lake trout in Lake Huron, native populations were extirpated in all locations with
the exception of Parry Sound and Iroquois Bay (Berst and Spangler 1972; Reid et al. 2001). Therefore,
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spatial genetic structure observed in the form of significant differences in allele frequency among
management units are due to compositional differences in hatchery strain relative abundance and their
respective reproductive contributions, as these strains themselves are all genetically differentiated.

The relative abundance of American strains of lake trout in multiple Canadian management districts
that were not stocked with American strains suggests that fish from American strains are straying from
waters in which they are stocked and are reproducing in Canadian waters. For example, allele
frequencies and estimates of strain contributions to the Canadian the N12 and American MHI1 regions
were similar. An alternative explanation would be that naturally produced lake trout stray to a greater
degree than hatchery lake trout, which is not likely, as straying of hatchery fish can be widespread (Quinn
1993).

Large non-zero estimates of assortative mating coefficients in the early sampling period in American
waters and in some of the Canadian management units in the later period suggest that mating among
different strains is not always random. Values of the assortative mating coefficient in later periods were
generally low and in many cases essentially zero suggesting high levels of strain mixing. Formally a zero
value indicates that the genotypes reflect the combinations expected given the proportional contributions
of the different strains, if they were combined at random. The model cannot produce more strain mixing
than is expected based on random combinations, but a zero estimated value may occur when this is the
case. Although assortative mating coefficients generally were characterized by large confidence
intervals, the results show general spatial and temporal trends that may have implications for
management. One potential explanation for the decrease in the assortative mating coefficient between
the early and later period is that a substantial proportion of naturally produced individuals sampled in the
late period may not be F1 (first generation naturally produced fish) but rather represent offspring from
matings among naturally produced parents. These fish would tend to reflect more mixing of strains. An
additional contributing factor would be if the more mixed genotypes of fish of higher filial generation
survived better. Given that hatchery strains have been under domestication for a number of generations

(e.g., Page et al. 2003), some level of inbreeding depression may exist. Matings among members of the
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same strain (or even between two pure strains) may have not been as successful (in terms of relative
reproductive success) than individuals produced from outbreed matings among members of different
strains. Heterosis or hybrid vigor has been commonly observed in situations where populations (or
domestic stocks) have existed in low numbers and have experienced some levels of inbreeding depression
(Lynch 1991). Indeed, naturally produced lake trout across most spatial regions were more genetically
variable than were the progenitor hatchery strains (comparisons for Hg, 4Ar, and Fis in Supplemental
Tables 4 and 6).

Non-zero and varying levels of assortative mating that indicate the interbreeding of individuals of
different strains was not surprising and was previously incorporated in genetic stock identification
analyses for lake trout in the Great Lakes (Marsden et al. 1989). Marsden et al. (1989) constructed
artificial baseline hatchery strains that were hybrids of existing strains to use as unique ‘baselines’. Here
we take a model-based approach (equation 3) and estimate the proportion of individuals mating
assortatively and randomly as parameters in the overall Bayesian mixture model. The levels of mixing
among strains we observed based on the estimated assortative mating coefficient indicate that caution
should be used when estimating proportional contributions of strains to mixtures using traditional
likelihood approaches (e.g., Pella and Milner 1987; Pella and Masuda 2001). Likewise, considerable
attention has been focused on use of individual assignment tests for purposes of mixture analysis (e.g.,
Manel et al. 2005). For the same reason, caution is advised when assigning individuals to strain of origin
given evidence for inter-breeding between strains (Guinand et al. 2004).

While the emergence of naturally produced lake trout in Lake Huron is promising, restoration is in an
early stage. In comparison with Lake Superior where the lake experienced a successful transition from a
hatchery stocked population to a naturally produced fish dominated population, the current spawning
biomass in Lake Huron is still low (12-15 versus 70 adult per km gillnet per night in Lakes Huron and
Lake Superior, respectively; He et al. 2012). To maintain sufficient top-down influence on a dynamically
changing food web, and to ensure the success of natural reproduction and recruitment, adult density of the

top predator like lake trout should be higher than a minimum level (Walters and Kitchell 2001).
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Discovering a relationship between strain type and successful reproduction can enhance managers’
understanding of adaptive mechanisms and contribute to the development of more efficient and effective
rehabilitation strategies across the Great Lakes. We utilized a general model developed by Gaggiotti et
al. (2002; 2004) and Guo et al. (2008) and a Bayesian approach for estimating the proportional
contribution of source populations or strains to newly founded colonies, as a form of genetic stock
identification (GSI). Further, we expanded on the Guo et al. (2008) approach to evaluate model fit to
investigate whether there was evidence for temporal and spatial variation in strain contributions (DIC
analyses reported in Table 3). We also accounted for inter-strain mixing in our models. This method
could be combined with previously developed modeling approaches (Tsehaye et al. 2016; Brenden et al.
2018) to characterize age (or cohort) specific differences in recruitment by strain and to more rigorously
model effects of strain-specific stocking numbers, survival, and movements to estimated strain
contributions. Although we applied the approach to data for Lake Huron lake trout, the methodology
could be readily adaptable to any other species for which appropriate data exist or can be obtained.
Improved knowledge of stock contribution and recruitment will allow for more effective management of

other native fishes.
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Figure Legend

Figure 1. Relative frequency of age classes of wild lake trout represented in USA and Canadian
management districts.

Figure 2. Map showing the Lake Huron lake trout management districts.
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