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Knowledge of population-level relationships and how these relationships pertain to different life history
forms is critical to developing effective management plans for native trout, char, and salmon. In the Lake
Superior basin, identifying effective restoration strategies for coaster brook trout (Salvelinus fontinalis), a
lake-inhabiting form of brook trout, is hampered by limited information on genetic connectivity and
source-sink dynamics among brook trout populations. Here, we infer these relationships by surveying
8,178 single nucleotide polymorphisms in 234 brook trout from seven rivers along the Minnesota shore-
line with Lake Superior, including from reaches above and below natural waterfalls that prevent
upstream movement. We identified well-differentiated above-barrier populations that supply brook
trout to below-barrier reaches. We also compared within-river brook trout to 26 coaster brook trout from
Lake Superior. We identified at least four source populations for these coaster brook trout, three of which
were located within rivers. Additionally, we estimated NE for within-river populations and detected a
decline across recent generations, with the most recent estimates approaching critical thresholds.
Finally, comparisons with 94 domestic brook trout representing nine hatchery strains revealed a lack
of domestic introgression into wild populations, demonstrating the importance of natural reproduction
to population persistence. Our results offer novel insights into sources of coaster brook trout and high-
light the role of within-river populations in supporting the coaster life history. Management efforts
focused on instream restoration may be more important to rehabilitating coaster brook trout than previ-
ously thought and are urgently needed given the population-level conservation status reported here.

� 2023 The Authors. Published by Elsevier B.V. on behalf of International Association for Great Lakes
Research. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

A major goal of many fisheries management programs is to con-
serve native species by maintaining extant populations and restor-
ing extirpated populations. However, accomplishing this goal can
be particularly challenging for native species of trout, char, and sal-
mon. These species typically exhibit complex population structure
(Rieman and Dunham, 2000; Schtickzelle and Quinn, 2007) that is
heavily influenced by landscape features (Alshwairikh et al., 2021;
Hecht et al., 2015; Micheletti et al., 2018; Sylvester et al., 2018),
and the degree of genetic connectivity and source-sink dynamics
among populations are important factors underlying the extinction
risk and restoration potential of populations (Cooper and Mangel,
1999; Hoban et al., 2022; Wainwright and Waples, 1998). Further,
trout, char, and salmon display complex life histories that fre-
quently include alternative migration strategies (Quinn, 2021;
Waples and Lindley, 2018), and the management efforts necessary
to support each life history form are likely to be different. Knowl-
edge of population-level relationships and how these relationships
pertain to different life history strategies is thus critical to the suc-
cessful management of native trout, char, and salmon. This knowl-
edge is particularly urgent given increasing threats to these
species, including rising stream temperatures and habitat loss
due to a changing global climate (Battin et al., 2007; Stewart
et al., 2016; Wenger et al., 2011).

In the Lake Superior basin, fisheries management efforts aimed
at conserving native fishes over the last several decades have
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included a major focus on brook trout (Salvelinus fontinalis;
Schreiner et al., 2008). Similar to elsewhere across the native spe-
cies range, brook trout hold considerable social and cultural impor-
tance in the Lake Superior region, including for local indigenous
tribes. Additionally, because brook trout prefer pristine coldwater
habitats, this species is often considered an indicator of environ-
mental health (Power, 1980). However, recent surveys across the
United States portion of the Lake Superior basin indicate that the
abundance of brook trout is below historical levels in 30% of sub-
watersheds, and this species has been extirpated from an addi-
tional 8% of subwatersheds (USFWS, 2016). Historical declines in
the abundance of brook trout in the Lake Superior basin are pri-
marily attributed to overharvest due to a lack of adequate fishery
regulations from the late 1800s through mid-1900s, combined
with heavy landscape modification associated with early logging
and mining activities (Huckins et al., 2008). In comparison, con-
temporary declines are likely driven by habitat fragmentation
resulting from man-made barriers such as dams and culverts
(Newman et al., 2003; but see Zorn et al., 2020), competition with
introduced non-native salmonids (Miller et al., 2019; Zorn et al.,
2020), and anthropogenic climate change causing habitat loss
due to large flood events and warmer water temperatures
(Carlson et al., 2017).

To curb contemporary population declines, fisheries managers
in the Lake Superior region established a rehabilitation plan for
brook trout that emphasizes the maintenance of widely dis-
tributed, self-sustaining populations across the Lake Superior
region (Newman et al., 2003). A major focus of this plan is to con-
serve a migratory life history form of brook trout known as coaster
brook trout which occurs only in the Lake Superior basin. Com-
pared to their stream resident counterparts, which spend their life
in tributaries, coaster brook trout spend all or a portion of their life
in Lake Superior (Becker, 1983), presumably to exploit resources
available in lake habitats (see Huckins et al., 2008 for a review of
coaster brook trout biology). Though in reality the propensity for
migration likely occurs on a spectrum, for management purposes
any brook trout that occurs in Lake Superior is distinguished as a
coaster brook trout (Becker, 1983; Newman et al., 2003). Coaster
brook trout return to natal coastal or stream habitats to spawn,
therefore at least some coasters are sympatric with stream resident
brook trout for a portion of the year. Coaster brook trout can reach
larger sizes than stream resident brook trout, with lengths greater
than 500 mm, making them a prized target of sport fisheries.

Rehabilitation of brook trout and the coaster life history is a
major priority for fisheriesmanagers across the Lake Superior basin,
including the Minnesota Department of Natural Resources
(MNDNR; Goldsworthy et al., 2017; Peterson, 2018). Landscape-
level deforestation and intense forest fires following clearcut log-
ging in the late 1800s caused drastic changes to tributaries across
Minnesota. Along Minnesota’s shoreline with Lake Superior (here-
after Minnesota North Shore), cold water tributaries once domi-
nated by brook trout became too warm to support this species,
and stocking of warm tolerant fishes was implemented to sustain
popular sport fisheries (Surber, 1922). By the mid-1900s, reforesta-
tion of the landscape surrounding some tributaries, particularly in
riparian corridors, provided shade to maintain water temperatures
cool enough for brook trout to re-establish naturally or via hatchery
stocking. Today, coaster brook trout are found in at least 12 tribu-
taries along the Minnesota North Shore and in Minnesota waters
of Lake Superior, andwhatwas once a vast and vibrant fishery along
the entire North Shore is now a series of disjunct populations.

Along the Minnesota North Shore, access to the cold water habi-
tat preferred by brook trout is limited seasonally and by the pres-
ence of physical barriers to movement. During warmer summer
months, cold water habitats are largely confined to tributary
headwaters or nearshore areas of Lake Superior (Goldsworthy
902
et al., 2017). However, for many rivers along the Minnesota North
Shore, large natural waterfall barriers located near the mouth of
each river function as barriers to upstream movement of below-
barrier and lake residing brook trout, preventing access to cooler
above-barrier reaches and adequate spawning habitat. Brook trout
that occur below these waterfalls must therefore seek thermal
refugia in lake habitats during summer months. Anecdotal evi-
dence suggests that brook trout from above-barrier reaches in riv-
ers along the Minnesota North Shore may play an important role in
supplying brook trout to Lake Superior (Eddy and Underhill, 1974).
However, relationships among within-river brook trout that occur
above waterfall barriers and below-barrier brook trout that occur
either within rivers or within Lake Superior are poorly understood.
Knowledge of these relationships is critical to improving the effec-
tiveness of rehabilitation efforts for brook trout along the Min-
nesota North Shore and elsewhere across the Lake Superior basin,
including brook trout that exhibit the coaster life history.

In this study, we address a key information need for fisheries
managers in the Lake Superior region by resolving relationships
between brook trout inhabiting riverine and lake habitats, includ-
ing above and below major waterfall barriers, along the Minnesota
North Shore. We evaluate relationships associated with three
interrelated objectives: 1) distinguish source populations for brook
trout that occur within rivers below major waterfall barriers, 2)
identify source populations for coaster brook trout that occur in
Lake Superior, and 3) determine whether brook trout sampled
within rivers and within Lake Superior are naturally produced or
of domestic origin. We accomplish these objectives by surveying
genome-wide variation in wild-caught brook trout and known
domestic brook trout. We expected wild-caught brook trout to dis-
play substantial population structure because previous genetic
studies within Lake Superior and elsewhere across the native range
indicate that brook trout is a highly structured species (Burnham-
Curtis, 2001; Ferchaud et al., 2020; Kazyak et al., 2021; Stott et al.,
2010). Further, we expected that downstream movement of brook
trout over waterfall barriers may occur but to an unknown degree
given that genetic studies of other tributaries within the Lake
Superior basin have identified only some above-barrier popula-
tions that function as sources of below-barrier brook trout
(D’Amelio and Wilson, 2008; Scribner et al., 2012). Finally, we
expected only limited evidence for domestic introgression in wild
populations since results from previous genetic analysis of brook
trout along the Minnesota North Shore are consistent with sub-
stantial natural production (Miller et al., 2016) and genetic studies
from elsewhere across the native range report limited domestic
introgression despite hatchery stocking (Annett et al., 2012;
Kazyak et al., 2018; Lehnert et al., 2020; White et al., 2018).
Methods

Sample collection

We collected fin tissue samples from brook trout in seven rivers
located along the Minnesota North Shore (Fig. 1; Table 1). We
selected these rivers for analysis based on available sample sizes,
geographic coverage, and available habitat to potentially support
robust populations. Additionally, previous analyses based on thir-
teen microsatellite loci resolved genetically distinct groups of
brook trout in the Kadunce and Onion rivers, but genetic relation-
ships and levels of admixture in remaining rivers were unresolv-
able and thus targeted for analysis in this study (Loren Miller,
pers. comm.). The rivers we sampled are tributaries to Lake Supe-
rior, but large waterfalls located near the mouth of each river func-
tion as barriers to upstream movement of brook trout, except for
the Knife River, where a permanent catch-and-sort fish trap near



Fig. 1. Map depicting the waterways from which brook trout were sampled in this
study, including seven rivers tributary to Lake Superior and a site within Lake
Superior (off Grand Marais, MN). A single point per waterway is shown and is scaled
according to the number of brook trout included in the final dataset. The locations
of the one-way waterfall barriers located near the mouth of sampled rivers, except
for the Knife River, are depicted in Supplementary Map File S1.
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the mouth of the river allows brook trout to be sampled upstream
of the waterfall barrier. We sampled brook trout both above and
below these one-way waterfall barriers in the Kadunce River and
Onion River. In the Stewart River, we collected samples of brook
trout only from above the waterfall barrier. In the Baptism River,
Cross River, and Kimball Creek, brook trout were sampled only
below the waterfall barrier. Sampling efforts in these rivers were
conducted using electrofishing. In the Knife River, brook trout were
collected from the fish trap described above, which primarily cap-
tures brook trout from upstream reaches that are moving down-
stream over the waterfall. The locations of the one-way waterfall
barriers described here, as well as the Knife River fish trap, are
depicted in Electronic Supplementary Material (ESM) map file S1.
Sampling above these barriers did not necessarily occur in adjacent
upstream reaches, and in some instances occurred several km
upstream. Sampling in above-barrier reaches occurred in late sum-
mer and in below-barrier reaches during the fall spawning season.

In addition to the within-river sampling described here, we also
collected samples of brook trout from Lake Superior during June in
shoreline areas of Grand Marais Harbor off Grand Marais, MN.
Grand Marais Harbor is one of the few areas in Minnesota waters
of Lake Superior where coaster brook trout are regularly encoun-
tered. All within-river and lake sampling efforts occurred through
fishery surveys conducted by MNDNR.

RAD capture

We used tissue samples collected in this study to produce geno-
types for single nucleotide polymorphisms (SNPs) located through-
Table 1
Sampling details for wild-caught brook trout comprising quality filtered SNP dataset. Brook
MN or in Grand Marais Harbor.

Waterway Sampling Location Relative to Waterfall Barrier

Kadunce River Above-barrier
Below-barrier

Kimball Creek Below-barrier
Lake Superior Lake
Onion River Above-barrier

Below-barrier
Cross River Below-barrier
Baptism River Below-barrier
Stewart River Above-barrier
Knife River At barrier

903
out the brook trout genome. DNA was isolated from tissue samples
using the magnetic bead-based protocol described by Ali et al.
(2016), then quantified DNA isolations using Quant-iT PicoGreen
assays (Thermo Fisher Scientific) and a BioTek FLx800 microplate
reader (BioTek Instruments). We then selected DNA isolations for
334 individuals representing each waterway to prepare restriction
site-associated DNA sequencing (RADseq; Baird et al., 2008)
libraries. Using these DNA isolations, we prepared four RADseq
libraries as described in Ali et al. (2016), except we used 100 ng
of DNA for restriction enzyme digestion and we incubated ligation
reactions for 12 h.

We used prepared RADseq libraries in a RAD capture reaction to
target SNPs known to be effective for resolving genetically distinct
populations of brook trout in the Lake Superior basin. We pooled
95 ng of each RADseq library into a single sample, then performed
RAD capture following Ali et al. (2016) using Arbor BioSciences
myBaits v4 chemistry (https://www.arborbiosci.com) and a cap-
ture panel recently developed for Lake Superior basin brook trout
(Mariah Meek, pers. comm.). This capture panel targets 33,309
SNPs corresponding with 25,639 unique regions distributed
throughout the brook trout genome. This panel was developed
using wild-caught brook trout from 64 waterways across the Lake
Superior basin and domestic brook trout representing nine hatch-
ery strains. The final capture reaction product underwent 150PE
sequencing on one lane of an Illumina HiSeq X next-generation
sequencing platform.
SNP genotyping

We used resulting sequence data to produce a dataset compris-
ing high quality SNP genotypes. First, we demultiplexed sequence
data using the process_radtags module of Stacks v2.4 (Catchen
et al., 2011; Rochette et al., 2019) and options to allow a barcode
mismatch of 1 bp, remove reads with uncalled bases, and discard
reads with low quality scores. Next, we trimmed demultiplexed
reads using Trimmomatic v0.39 (Bolger et al., 2014) where reads
with an average quality score of <15 within a sliding window of
10 bp were trimmed. We also removed reads with
lengths < 30 bp. We then aligned trimmed reads to the Salvelinus
sp. reference genome (Christensen et al., 2018; but see
Christensen et al., 2021) using the BWA-MEM algorithm imple-
mented in BWA v0.7.17 (Li, 2013). Finally, we used SAMtools
v1.9 (Li et al., 2009) to remove unmapped reads, secondary and
supplementary alignments, and alignments with quality
scores < 30.

We combined quality filtered read alignments generated in this
study with alignments for nine domestic strains of brook trout
used in historical or contemporary stocking efforts in the Lake
Superior basin (Table 2). Four of these strains were originally
derived from source populations within the Lake Superior basin,
trout sampled from Lake Superior were collected in nearshore areas off Grand Marais,

Year No. Individuals No. Unrelated Individuals

2019 17 17
2013 23 22
2013 22 22
2019 26 25
2019 30 26
2018 24 24
2018 27 26
2018 26 26
2019 37 33
2019 28 27
Total: 260 248

https://www.arborbiosci.com
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and one strain was derived from the Lake Michigan basin. Remain-
ing strains were derived from populations outside of the Great
Lakes basin. Data for domestic brook trout were produced using
the same methodology employed here and were included to enable
comparisons of the wild brook trout sampled in this study with
brook trout of known domestic origin.

We used alignments for wild-caught and domestic brook trout
to identify SNPs and perform quality filtering of SNP genotypes.
First, we built a catalog of SNPs and produced a VCF file comprising
individual-based genotypes using the gstacks and populationsmod-
ules of Stacks, respectively. Next, we used VCFtools v0.1.15
(Danecek et al., 2011) to perform quality filtering of the dataset
by removing SNPs and individuals missing large proportions of
genotypes, genotypes with low quality scores and read depths,
and SNPs exhibiting low minor allele counts (ESM Table S1). We
also used JVarkit (Lindenbaum, 2015) to remove genotypes
exhibiting excessively low or high allele balance, which compares
the number of reads between reference and alternate alleles in
heterozygotes. Additionally, we used HDplot (McKinney et al.,
2017) to identify SNPs corresponding with paralogous regions of
the brook trout genome. We excluded SNPs associated with >50%
heterozygotes or read ratio deviations of >20 or < -9. We then used
dartR (Gruber et al., 2018) to remove SNPs rendered monomorphic
by the quality filtering process. To reduce the probability of linkage
disequilibrium among loci, we next used a custom R script to retain
a single SNP per RAD locus. We retained the SNP exhibiting the lar-
gest minor allele frequency. Finally, we used VCFtools to identify
and exclude individuals exhibiting excessive levels of relatedness
using the method described by Manichaikul et al. (2010); we
removed individuals exhibiting relatedness values � 0.2 (e.g., the
average kinship coefficient of half-siblings or closer relatives).
The resulting dataset comprised high quality genotypes for both
wild-caught and domestic individuals and was used in the analyses
described below.

Population-level relationships

We analyzed the genomic dataset produced here to identify
source populations for brook trout sampled downstream of water-
fall barriers and in Lake Superior. First, we performed principal
component analysis (PCA) to infer overall genetic variation among
individuals. We then performed discriminant analysis of principal
components (DAPC) to identify genetically distinct populations
and hierarchical structure among populations. PCA and DAPC are
ideal for datasets comprising genome-wide SNPs because they effi-
ciently summarize complex genetic information without assuming
an underlying model of population structure (Jombart et al., 2009,
2010). We performed PCA in adegenet v2.1.6 (Jombart, 2008) using
centered and non-scaled allele frequencies. DAPC was also per-
formed in adegenet, using groups defined via sequential K-means
Table 2
Sampling details for hatchery sourced domestic brook trout comprising quality filtered SN

Strain Basin Origin Waterway Origin

Jumbo Lake Superior basin Jumbo River, MI, USA
Nipigon Lake Nipigon, ON, Canada
Siskiwit Siskiwit Bay, Isle Royale, MI
Tobin Tobin Harbor, Isle Royale, M
Iron Lake Michigan basin Iron River, MI, USA
Minnesota (MN) Wild Outside of Great Lakes

basin
Spring Brook and Coolridge

Assinica Lac Assinica, QC, Canada
Nashua/St. Croix Nashua National Fish Hatch

USA
Temiscamie � Domestic Temiscamie River, QC, Cana

Total:

904
clustering. We assessed scenarios with K = 2–20 and identified
the most likely values for K by evaluating Bayesian information cri-
terion (BIC) and by comparing DAPC results with those from PCA.
To determine the number of PCs to retain in DAPC analyses, we
used the optim.a.score function of adegenet, which identifies the
number of PCs that will optimize the discriminatory power and
stability of DAPC results. We performed PCA and DAPC with and
without the most divergent individuals included to improve reso-
lution of comparatively less divergent relationships. Additionally,
we analyzed datasets that were limited to wild-caught individuals
and that included both wild-caught and domestic individuals.
Wild-caught individuals identified as previously stocked domestic
fish in results from PCA and DAPC were excluded from the analyses
described below.

To further assess relationships of brook trout sampled in down-
stream reaches and in Lake Superior, we used network theory to
depict relationships among individuals as a network topology.
Network-based approaches facilitate exploration of genetic con-
nectivity without making assumptions about an underlying popu-
lation genetic model. We inferred networks using netviewr
v2.1.0.9 (Steinig et al., 2016). We explored topologies using a range
of values for the number of mutual nearest neighbors (k). This
approach allowed us to compare relationships among individuals
at differing levels of genetic similarity, where smaller values for k
retained connections among more closely related individuals and
larger values for k introduced connections among more distantly
related individuals. Although selecting an optimal k can be difficult
(Neuditschko et al., 2012), we used the infomap and fast-greedy
cluster detection algorithms implemented in netviewr to identify
values for k that captured the major relationships apparent in
our data.

We used results from PCA, DAPC, and network analysis to orga-
nize individuals into groups corresponding with genetically dis-
tinct populations. These groups comprised all of the individuals
assigned to a population, regardless of sampling location. We then
further characterized the populations of brook trout identified in
this study by calculating the pairwise genetic distance between
each population pair. We calculated FST (Weir and Cockerham,
1984) in StAMPP v1.6.3 (Pembleton et al., 2013) and assessed the
statistical significance of FST values by performing 10,000 bootstrap
iterations.

Population conservation status

We inferred the contemporary conservation status of geneti-
cally distinct populations by calculating effective population size
(NE). NE is the evolutionary analog of population census size and
reflects the rates at which evolutionary processes, including loss
of genetic diversity due to genetic drift and inbreeding as well as
the relative effectiveness of selection and gene flow, are expected
P dataset.

No.
Individuals

8
8

, USA 11
I, USA 15

12
Creek, MN, USA 10

11
ery, Nashua, NH, USA; St. Croix Falls State Fish Hatchery, WI, 14

da; Rome Hatchery, Rome, NY, USA 5
94
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to occur (Caballero, 1994; Waples, 2022; Waples et al., 2014;
Wright, 1931). NE has been widely used to assess the genetic health
and conservation status of wild populations, including in salmonid
species (Lehnert et al., 2019; Lemopoulos et al, 2019; Layton et al.,
2021; Luikart et al., 2021; Whiteley et al., 2010, 2013). We esti-
mated NE using the linkage disequilibrium method (Waples and
Do, 2010) implemented in NEEstimator (Do et al., 2014). Confi-
dence intervals for NE estimates were calculated using the jack-
knife method described by Jones et al. (2016). To minimize bias
due to linkage in NE calculations, we limited comparisons to loci
on different chromosomes (Waples, 2006). To minimize bias from
small sample sizes, we estimated NE only for populations compris-
ing �20 individuals. Additionally, we evaluated the impact of low
frequency alleles on estimates of NE by comparing results from
analyses performed without a minor allele frequency filter and
with filters to remove loci with minor allele frequencies less than
1%, 2%, and 5%. We performed NE calculations twice, once using a
dataset that comprised all of the SNPs in our quality filtered data-
set, and a second time using a dataset limited to neutral SNPs. To
create a dataset limited to neutral SNPs, we used pcadapt v4.3.3
(Luu et al., 2017) to identify putatively adaptive SNPs for exclusion
from our dataset. Our goal was to produce a dataset where SNPs
were conservatively identified as neutral, so we used an FDR of
20% to identify SNPs that appeared as outliers with respect to pop-
ulation structure. We then excluded outlier SNPs from our dataset
prior to calculating NE.

We also assessed the stability of conservation status across gen-
erations by inferring NE for each population at various times in the
recent past. We reconstructed NE over time using LinkNe
(Hollenbeck et al, 2016). LinkNe estimates NE from linkage disequi-
librium between unlinked pairs of SNPs, where pairs of loci with
similar recombination rates are binned together for estimating
NE. The mean recombination rate (c) of each bin is then used to
estimate the number of generations in the past (t) to which NE esti-
mates correspond based on the relationship t = 1/2c (Hayes et al.,
2003). We performed LinkNe analyses on populations compris-
ing �20 individuals using default settings, including a minor allele
frequency threshold of 5% and a correction for unequal numbers of
locus pairs in each bin, plus the timebin option to enable estimates
based on generations. We used the average length of linkage
groups comprising the Salvelinus sp. reference genome
(2,724 cM; Christensen et al., 2018) to bin loci. All of the SNPs in
our quality filtered dataset were used for the LinkNe analysis since
datasets based on all SNPs and neutral SNPs yielded equivalent
results in NEEstimator. We approximated the number of genera-
tions associated with each estimate of NE by assuming a generation
time of two years (Letcher et al., 2007). In reality, generation time
for the populations analyzed in this study may vary among popu-
lations and also differ from the populations analyzed by Letcher
et al. (2007; based on inland populations in western Mas-
sachusetts). However, the values we used for generation time do
not influence the estimates of NE produced by LinkNe and only
inform the identification of the time period associated with each
estimate.
Results

SNP dataset

We used the unfiltered dataset exported from Stacks to produce
a dataset comprising high quality genotypes for the individuals
analyzed here. The unfiltered dataset contained genotypes for
834,762 SNPs in 463 individuals (ESM Table S1). After performing
quality filtering and retaining a single SNP per RAD locus, our data-
set comprised genotypes for 8,178 SNPs in 354 individuals. These
905
individuals included 260 wild-caught brook trout that comprised
22–54 individuals (average = 33 individuals) from each river and
26 individuals from within Lake Superior (Table 1; Fig. 1). Addi-
tionally, the quality filtered dataset included 94 hatchery sourced
brook trout that comprised 5–15 individuals (average = 10 individ-
uals) per domestic strain (Table 2). Results from analyses to infer
relatedness among brook trout in the quality filtered dataset
revealed sets of individuals that exhibited kinship coefficients
greater than 0.2. We retained only a single representative from
each set by excluding 12 individuals from the analyses described
below (Table 1).

Relationships of above-barrier populations

Results from PCA and DAPC revealed the presence of several
genetically distinct populations, including upstream populations
that serve as sources of brook trout below major waterfall barriers
within rivers and within Lake Superior. PCA performed using all
wild-caught individuals resolved distinct groups corresponding
with the Kadunce, Onion, Stewart, and Knife rivers (Fig. 2, ESM
Fig. S1, S2). These groups were also apparent in results from DAPC
(Fig. 2, ESM Fig. S3), for which BIC scores indicated that the most
likely values for K were two through six. DAPC most clearly differ-
entiated the groups apparent in results from PCA at a K of five
(Fig. 2). For the Kadunce and Onion rivers, the groups resolved by
PCA and DAPC comprised all of the brook trout sampled above
the waterfall barrier and a subset of the brook trout sampled below
this barrier. The group associated with the Stewart River com-
prised all of the brook trout from this river, which were only sam-
pled above the waterfall barrier. Finally, the group associated with
the Knife River, for which sampling occurred in a trap at the water-
fall barrier, comprised all except two of the brook trout from this
waterway. Collectively, these results are consistent with the pres-
ence of genetically distinct populations in the Kadunce, Onion, Ste-
wart, and Knife rivers, where the primary source population for
below-barrier brook trout in the Kadunce and Onion rivers is
located above the major waterfall barrier within each river. This
scenario may also apply to the Stewart and Knife rivers; however,
analyses of below-barrier fish in these rivers are necessary to con-
firm these relationships.

Relationships of below-barrier populations

After excluding genetically distinct above-barrier populations,
results from PCA and DAPC clarified relationships among remain-
ing brook trout, which were sampled below major waterfall barri-
ers. PCA revealed the presence of at least four distinct groups
(Fig. 3, ESM Figs. S4, S5). BIC scores associated with DAPC were
equivocal across values for K but generally indicated that the most
likely K was less than ten. We defined genetically distinct popula-
tions using K equal to five because at this value for K, the groups
resolved by DAPC appeared stable and were consistent with results
from PCA (Fig. 3, ESM Fig. S6). Both PCA and DAPC resolved a genet-
ically distinct group in Kimball Creek. We also identified a group
comprising the majority of brook trout sampled from the Baptism
River. However, this group exhibited a close relationship with
below-barrier brook trout frommultiple waterways in results from
PCA, and was not resolved by DAPC until a K of five. Two additional
groups apparent in results from PCA and DAPC comprised large
proportions of brook trout from the Cross River; both of these
groups also included individuals sampled within Lake Superior. A
fifth group resolved by PCA and DAPC comprised remaining
below-barrier brook trout, which were sampled from multiple
waterways, including the Kadunce, Onion, Cross, Baptism, and
Knife rivers. This group also included the majority of individuals
sampled from Lake Superior. DAPC results for K greater than five



Fig. 2. Results from PCA (top panel) and DAPC (bottom panel) of the wild-caught brook trout analyzed in this study. Top panel: Axes corresponding with PCs one and two. The
proportion of variation explained by each axis is shown. Individuals are represented by symbols that reflect whether sampling occurred within Lake Superior (squares) or
within rivers above (diamonds), below (circles), or at (inverted triangles) a large natural waterfall barrier located near the mouth of each river. Individuals are color-coded by
the waterway from which they were sampled. Bottom panel: Results for K equal to five. Vertical bars correspond with individuals and are color-coded to reflect the proportion
of membership to a particular DAPC group. Individuals are arranged by waterway and, for individuals sampled within rivers, whether sampling occurred above or below the
waterfall barrier.

N. Mamoozadeh, C. Goldsworthy, L. Miller et al. Journal of Great Lakes Research 49 (2023) 901–917
indicated the possibility of substructure within this group (ESM
Fig. S6); however, analyses of individuals from additional water-
ways are necessary to reliably distinguish these relationships.

Collectively, the results described here are consistent with the
presence of genetically distinct populations in Kimball Creek and
the Baptism River, and two genetically distinct populations in the
Cross River. Microsatellite-based analyses indicate that one of the
groups we identified from the Cross River may correspond with
migrants from a neighboring waterway rather than substructure
within the Cross River (Loren Miller, pers. comm.). Additionally,
our results indicate that brook trout sampled within Lake Superior
originated from the Kimball Creek and Cross River populations, and
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at least one additional source. This source comprises at least one
genetically distinct population and included most of the brook
trout sampled within Lake Superior. This source also exhibits a
close relationship with the Baptism River population identified
here.

Relationships among all populations

Analyses to resolve genetically distinct populations correspond-
ing with the brook trout evaluated in this study also revealed the
presence of migrants reflecting movement between waterways
(Figs. 2, 3, ESM Figs. S3, S6). These migrants included brook trout



Fig. 3. Results from PCA (top panel) and DAPC (bottom panel) of wild-caught brook trout analyzed in this study, where genetically distinct populations associated with the
Kadunce, Onion, Stewart, and Knife rivers were excluded. Wild-caught domestic individuals were also excluded. Top panel: Axes corresponding with PCs one and two. The
proportion of variation explained by each axis is shown. Individuals are represented by symbols that reflect whether sampling occurred within Lake Superior (squares) or
within rivers below (circles) or at (inverted triangles) a large natural waterfall barrier located near the mouth of each river. Individuals are color-coded by the waterway from
which they were sampled. Bottom panel: Results for K equal to five. Vertical bars correspond with individuals and are color-coded to reflect the proportion of membership to a
particular DAPC group. Individuals are arranged by waterway.
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from the following populations: 1) the Kadunce River population
that were sampled in Kimball Creek, 2) the Kimball Creek popula-
tion that were sampled in the Kadunce and Cross rivers and in Lake
Superior, 3) one of the Cross River populations that were sampled
in the Onion River and in Lake Superior, and 4) the remaining Cross
River population that were sampled in Lake Superior. Additionally,
the below-barrier population that comprised the majority of brook
trout sampled within Lake Superior included individuals sampled
from every waterway surveyed in this study except Kimball Creek
and the Stewart River. DAPC results for the individuals analyzed
here reflected limited degrees of admixture, indicating that move-
ment among populations is largely unaccompanied by gene flow.

Network analysis of wild-caught brook trout revealed relation-
ships consistent with those apparent from PCA and DAPC. We
found that netviewr topologies with k equal to 15–20 captured
the major relationships within our dataset (Fig. 4, ESM Figs. S7,
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S8). Across these topologies, populations in the Kadunce, Onion,
and Stewart rivers that comprised individuals sampled above
major waterfall barriers exhibited few or no connections with
remaining individuals. These results are indicative of a compara-
tively large degree of genetic differentiation associated with
above-barrier populations. Conversely, brook trout from the popu-
lation in the Baptism River exhibited many connections with the
population comprising the majority of individuals from Lake Supe-
rior. This result is consistent with results from DAPC, where anal-
yses of below-barrier individuals grouped the Baptism River
population with the majority of Lake Superior fish until K � 5.
The netviewr topologies also positioned most of the remaining
brook trout sampled from Lake Superior within groups correspond-
ing with the two genetically distinct populations in the Cross River.

FST calculated pairwise between the genetically distinct popula-
tions identified here revealed comparatively close relationships



Fig. 4. Network topology for the wild-caught brook trout analyzed in this study, where wild-caught domestic individuals were excluded. Results for k equal to 15 are shown.
Connections between individuals are depicted by gray edges. Nodes represent individuals and are color-coded by the waterway from which they were sampled.
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between the population identified in Lake Superior and some of the
within-river populations. These results also reflected the compara-
tively distant relationship of above-barrier populations. FST ranged
from 0.018 to 0.135 and these values were all statistically signifi-
cant at p < 0.0001 (Table 3). The largest FST corresponded with
the comparison between the Onion River population and one of
the Cross River populations. The four largest FST values observed
here were all associated with the Onion River population, high-
lighting the genetic distinctiveness of this population relative to
remaining populations. In contrast, the lowest observed FST corre-
sponded with the comparison between the Baptism River popula-
tion and the population that comprised the majority of brook trout
sampled from Lake Superior, again reflecting a close relationship
between these populations. Remaining comparisons between
within-river populations and the Lake Superior population ranged
from 0.025 to 0.072. The lowest of these comparisons corre-
sponded with the Kimball River population, and the highest of
these comparisons corresponded with the Onion River population.

Relationship between wild-caught and domestic brook trout

In comparisons of wild-caught brook trout and known domestic
brook trout, evidence for widespread introgression of domestic
alleles into wild populations was lacking. However, we identified
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a small number of brook trout that represent either previously
stocked domestic individuals sampled in wild collections, or
migrants from populations used to develop broodstock for the
domestic strains analyzed here. Initial results from PCA and DAPC
based on a dataset that included all wild-caught and known
domestic brook trout revealed that domestic strains sourced from
outside of the Great Lakes basin were very divergent from remain-
ing brook trout, making it difficult to infer less divergent relation-
ships. Therefore, we repeated these analyses where only strains
derived from within the Great Lakes basin (Table 2) were retained
for comparisons to wild-caught fish. We also performed PCA and
DAPC where genetically distinct populations identified in the
Kadunce, Onion, Stewart, and Knife rivers were excluded to
improve the clarity and assess the stability of comparatively less
divergent relationships between wild-caught and known domestic
individuals. Results from PCA of these datasets revealed four brook
trout from Lake Superior that were positioned among the Nipigon,
Tobin, and Siskiwit domestic strains (Fig. 5, ESM S9-S12). These
domestic strains comprise the coaster brook trout strains stocked
within Lake Superior. DAPC resolved these individuals as belonging
to either the Nipigon or Siskiwit domestic strains (ESM Fig. S13),
though some scenarios identified the Nipigon strain as the source,
except for one individual where DAPC indicated a non-domestic
source. Additionally, PCA positioned one brook trout from the



Table 3
FST calculated pairwise between the genetically distinct populations identified in this study. FST values are shown below diagonal and associated p-values are shown above
diagonal (all p-values < 0.0001). FST corresponding with comparisons between within-river populations and the Lake Superior population are highlighted using a color-scale,
where the lowest FST is shown in dark blue and the highest FST is shown in white.

Lake 

Superior
Kadunce Kimball Onion Cross1 Cross2 Baptism Stewart Knife

Lake 

Superior
-- 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Kadunce 0.049 -- 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Kimball 0.025 0.059 -- 0.000 0.000 0.000 0.000 0.000 0.000

Onion 0.072 0.121 0.100 -- 0.000 0.000 0.000 0.000 0.000

Cross1 0.045 0.071 0.045 0.135 -- 0.000 0.000 0.000 0.000

Cross2 0.052 0.097 0.069 0.111 0.085 -- 0.000 0.000 0.000

Baptism 0.018 0.057 0.032 0.083 0.045 0.057 -- 0.000 0.000

Stewart 0.042 0.080 0.051 0.103 0.072 0.084 0.046 -- 0.000

Knife 0.040 0.085 0.042 0.097 0.081 0.087 0.047 0.058 --
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Kadunce River and two brook trout from the Cross River near the
Jumbo domestic strain (Fig. 5, ESM S9-S12). These results were
consistent with those from DAPC (ESM Fig. S13). For the remaining
wild-caught brook trout we analyzed, wild and domestic individu-
als were non-overlapping in results from PCA, and DAPC revealed
little to no admixture associated with domestic ancestry.
Population conservation status

NE calculated for a subset of the populations resolved in this
study offers valuable insights into the genetic health of brook trout
along the Minnesota North shore. We excluded the Cross River
populations because of small sample sizes and the Lake Superior
population because of the possibility of substructure within this
group. In results from NEEstimator, NE calculated using all of the
SNPs in our quality filtered dataset were nearly identical to results
from a dataset limited to neutral SNPs. Therefore, the results we
describe for NE are based on calculations performed using all SNPs.
In results from NEEstimator, the Baptism River population exhib-
ited a wide range in NE across the minor allele frequency thresh-
olds tested here (range = 473–1,533; ESM Fig. S14). The Stewart
River population exhibited a moderate range in NE across thresh-
olds (range = 256–385). Remaining populations displayed small
ranges in NE across minor allele frequency thresholds (difference
between smallest and largest NE across thresholds per population
was� 54), reflecting estimates that are less dependent on the pres-
ence of minor alleles and thus more stable compared to estimates
for the Baptism and Stewart river populations. We used a minor
allele frequency threshold of 5% to assess contemporary conserva-
tion status. NE based on this threshold was lowest in the Onion
River population (NE = 133; Fig. 6) and highest in the Baptism River
population (NE = 473). Upper bounds on the 95% jackknife confi-
dence intervals associated with each estimate were infinite for
every population except in the Onion River. In the Onion River,
Knife River, and Kimball Creek populations, the lower bounds of
these intervals were below thresholds frequently used to identify
the most at-risk populations (NE = 50 and 100; Frankham et al.,
2014a, 2014b; Franklin, 1980; Franklin et al., 2014; Jamieson and
Allendorf, 2012), though point estimates for every population were
above these thresholds.
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Historical NE reconstructed using LinkNe revealed declining NE

for each population over recent history (Fig. 7), which corre-
sponded with a period spanning at least 20 generations. The 95%
confidence intervals were non-overlapping between the oldest
(at least 20 generations ago) and most recent (approximately one
to two generations ago) estimates of NE for each population, indi-
cating that declines over the entire time period are statistically sig-
nificant. Declines corresponding with the most recent time interval
(between approximately four generations and one to two genera-
tions ago) were also statistically significant. The number of
unlinked loci used to estimate NE at each time point was largest
for the most recent estimate (ESM Fig. S15); however, this differ-
ence was accounted for by the sample-size bias correction option
used in the analysis. It is likely that the oldest estimates of NE pro-
duced by LinkNe are influenced by even earlier generations than
what is approximated here and, given the declining trend observed
for populations, estimates of NE may be underestimates of the true
NE (Hollenbeck et al., 2016). Additionally, overlap among genera-
tions, an assumption that is typically violated in natural popula-
tions, frequently produces underestimates of NE. Our results thus
likely represent conservative estimates of NE over time, though
the number of generations to which the observed declines corre-
spond may be much longer than what is indicated here.
Discussion

The primary goal of this study was to address a key information
need for fisheries managers in the Lake Superior basin by resolving
relationships among brook trout inhabiting riverine and lake habi-
tats along the Minnesota North Shore. We found that brook trout
above major waterfall barriers within rivers comprise well-
differentiated populations that supply brook trout to below-
barrier reaches. We also found that, for at least some rivers, brook
trout from multiple populations occur in below-barrier reaches,
but admixture among populations is limited. Additionally, we
observed that the coaster brook trout we analyzed from one loca-
tion within Lake Superior were produced by multiple source pop-
ulations, including riverine populations. Finally, though we
identified previously stocked domestic brook trout in wild collec-
tions, introgression of domestic alleles into wild populations was



Fig. 5. Results from PCA of the wild-caught and domestic brook trout analyzed in this study. PC axes one and two and the proportion of variation explained by each axis are
shown. Wild-caught individuals are represented by symbols that reflect whether sampling occurred within Lake Superior (squares) or within rivers above (diamonds), below
(circles), or at (inverted triangles) a large natural waterfall barrier located near the mouth of each river. Wild-caught individuals are color-coded by the waterway from which
they were sampled. Domestic individuals (triangles) are color-coded by hatchery strain. Top panel: Results from analyses performed with all wild-caught brook trout. Bottom
panel: Results from analyses performed with genetically distinct populations associated with the Kadunce, Onion, Stewart, and Knife rivers excluded.
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lacking. Collectively, these findings provide important baseline
information on the population structure and source-sink dynamics
of brook trout along the Minnesota North Shore. This information
is necessary to support a management goal of maintaining widely
distributed and self-sustaining populations of brook trout in the
Lake Superior basin, including for brook trout that exhibit the
coaster life history.
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Sources of coaster brook trout

At least some within-river populations along the Minnesota
North Shore supply brook trout to Lake Superior, and thus play
an important role in maintaining extant populations of coaster
brook trout. In this study, brook trout sampled within Lake Supe-
rior off Grand Marais, MN were produced by source populations



Fig. 6. Plot depicting estimates of contemporary NE for the genetically distinct populations resolved in this study, where wild-caught domestic individuals were excluded.
Populations and their sample size are shown on the bottom axis. The 95% jackknife confidence intervals calculated following Jones et al. (2016) are also shown for each
estimate. Infinite estimates for the upper confidence intervals of every population except the Onion River population were converted to 500 for this figure. Results are based
on a minor allele frequency of 5% and are only shown for populations with �20 individuals. Horizontal dashed lines depict thresholds frequently used to identify the most at-
risk populations (NE = 50 and 100).
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in the Cross River, Kimball Creek, and at least one additional source
(24%, 4%, and 56% of the 25 brook trout analyzed from Lake Supe-
rior, respectively). This latter source exhibited a close relationship
with brook trout from the Baptism River, and potentially reflects
within-river or lake-spawning populations that were unsampled
in this study. It is also possible that brook trout in the Baptism
River historically supplied a founding population of individuals to
Lake Superior, or vice versa. Collectively, these findings offer
insights into the identity of source populations for coaster brook
trout within Lake Superior. Inferences about the relative contribu-
tions of these source populations are difficult due to spatially
heterogeneous sampling effort and varying susceptibility to the
sampling gears employed in this study, as well as differences in
the seasonal availability of brook trout. Genetic studies of addi-
tional waterways within the Lake Superior basin have also revealed
riverine sources for coaster brook trout (Burnham-Curtis, 2001;
D’Amelio et al., 2008; D’Amelio and Wilson, 2008; Elias et al.,
2018; Scribner et al, 2012).

Fisheries managers and biologists across the Lake Superior
basin define coaster brook trout as brook trout spending any por-
tion of their life in Lake Superior (Becker, 1983; Newman et al.,
2003). The coaster brook trout we analyzed from Lake Superior
were sampled from nearshore lake habitats off Grand Marais, MN
and from within Grand Marais Harbor. Data from angler tagging
efforts for coaster brook trout encountered off Grand Marias sug-
gest a large degree of mobility for at least a subset of these fish
(MNDNR, unpublished data), but it is unclear whether these fish
spend the majority of their time in Lake Superior. In reality, the
propensity for migration and degree to which brook trout utilize
lake habitats is likely variable (Huckins et al., 2008). For example,
some studies report brook trout that use Lake Superior as a corri-
dor between tributaries (Huckins et al., 2008; Kusnierz et al.,
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2009, 2014). Regardless, our findings provide new insights into
sources of brook trout that spend at least a portion of their time
within Lake Superior. Future work that expands sampling effort
to include additional Lake Superior tributaries and locations within
the lake are necessary to identify other sources of coaster brook
trout, build an understanding of the relative contribution of each
source, and better characterize the role of brook trout in nearshore
ecosystems of Lake Superior.

In addition to natural reproduction, it is possible that some of the
coaster brook trout in Lake Superior are supplied by domestic stock-
ing.We identified three or four individuals among the coaster brook
trout sampled off Grand Marais, MN that represent either previ-
ously stocked domestic fish from the three coaster strains stocked
into Lake Superior (Nipigon, Tobin, and Siskiwit strains) ormigrants
from source populations used tomaintain these strains. Source pop-
ulations for the Tobin and Siskiwit strains are located on Isle Royale,
MI, only 40 km from the Minnesota North Shore. These strains have
beenwidely stocked across the U.S. portion of Lake Superior, includ-
ing in jurisdictions neighboring our study region. For example, both
the Tobin and Siskiwit strains have been periodically stocked in
waters adjacent to our study region. The Siskiwit Bay strain has also
been stocked along Isle Royale. If the putatively domestic fish we
identified are truly of domestic origin, they are likely derived from
stocking efforts in neighboring jurisdictions given that MNDNR
ceased stocking domestic brook trout in below-barrier reaches of
the Lake Superior basin in 1987 (Schreiner et al., 2006).

Relationships of above-barrier populations

Large natural waterfall barriers that prevent upstream move-
ment of brook trout play a key role in shaping the population struc-
ture and conservation status of brook trout within the rivers



Fig. 7. Plot depicting estimates of historical NE from LinkNe for the genetically distinct populations resolved in this study, where wild-caught domestic individuals were
excluded. The number of generations in the past associated with each estimate of NE are shown on the bottom axis and were approximated by assuming a generation time of
two years. The 95% confidence intervals for each estimate are also shown. Results are based on a minor allele frequency of 5% and are only shown for populations with �20
individuals.
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surveyed here. These waterfalls result in comparatively isolated
above-barrier populations that lose individuals to downstream
movement over the waterfall barrier. We identified above-barrier
populations in the Kadunce, Onion, and Stewart rivers, two of
which we identified as a source of brook trout to downstream
reaches (the Stewart River was not sampled below the down-
stream waterfall). Above-barrier sources of below-barrier fish have
been reported in other genetic studies of native brook trout
(D’Amelio and Wilson, 2008; Kelson et al., 2015; Scribner et al.,
2012). We expect that this relationship applies to additional rivers
along the Minnesota North Shore that have analogous waterfall
structures, including for the genetically distinct populations we
identified in below-barrier reaches where above-barrier individu-
als were not analyzed.

The large natural waterfalls located within the rivers surveyed
here have presumably isolated above-barrier populations of brook
trout for a long time. Most of the waterfalls along the Minnesota
North Shore were formed by the erosion of sediments deposited
by the last ice sheet during the Pleistocene and subsequent expo-
sure of underlying basalt flows formed during the Proterozoic
(Smith and Moyle, 1944). Given their isolation, above-barrier pop-
ulations of brook trout may serve as reservoirs of unique genetic
variation, including due to local adaptation (Letcher et al., 2007).
It is also possible that these populations harbor native genetic
diversity. However, for brook trout along the Minnesota North
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Shore and elsewhere across the Lake Superior basin, domestic
ancestry is possible given an extensive history of hatchery stocking
in this region. For example, it is hypothesized that brook trout did
not occur above waterfall barriers in Minnesota rivers tributary to
Lake Superior prior to European settlement, and only occurred
afterwards via relocation of below-barrier fish or stocking of hatch-
ery strains (Smith and Moyle, 1944; Surber, 1922; Waters, 1980).
The wild brook trout analyzed in this study exhibited little to no
introgression from the nine hatchery strains available for compar-
ison. But we expect that the hatchery strains evaluated here pro-
vide only a limited representation of earlier generations within
each strain, and of different hatchery strains altogether, that were
used in early stocking efforts. Genetic analysis of historical brood-
stock combined with data on historical stocking effort are neces-
sary to confirm whether contemporary above-barrier populations
of brook trout along the Minnesota North Shore harbor native
genetic diversity; however, the genetic samples and stocking
records required for such analyses may be unavailable or
incomplete.

Below-barrier reaches

A key question central to the rehabilitation of coaster brook
trout is understanding whether source populations are primarily
located within Lake Superior, in above- or below-barrier reaches
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within rivers, or in a combination of these habitats. In most rivers
along the Minnesota North Shore, large natural waterfalls near the
mouth of each river restrict coaster brook trout to below-barrier
habitats that are also spatially limited. Fisheries survey efforts in
29 rivers along the Minnesota North Shore indicate that only 3%
of the total mainstem length in these rivers is accessible to brook
trout from Lake Superior (Goldsworthy et al., 2017). In general,
the below-barrier habitat in these rivers is thermally inadequate
for year-round habitation by brook trout. Below-barrier reaches
are also frequently characterized by low quality spawning habitat
and the presence of introduced salmonids. It is thus suspected by
fisheries managers that spawning of brook trout in below-barrier
reaches is limited. In comparison, habitat in above-barrier reaches
is typically much more conducive to the thermal and spawning
requirements of brook trout, regardless of variation in habitat qual-
ity among the above-barrier reaches of some waterways.

The wild-caught brook trout analyzed in this study exhibited
limited admixture, and instead displayed large assignment proba-
bilities to the genetically distinct populations identified here,
including for brook trout sampled from below-barrier reaches. An
earlier analysis of brook trout from below-barrier reaches of the
Onion, Cross, and Kadunce rivers showed several potentially
admixed individuals (Stott et al., 2010). However, this result could
reflect the weaker power of microsatellites to resolve population-
level relationships compared to the genome-wide SNPs analyzed
here. In the Nipigon Bay region of Lake Superior, analyses of
genome-wide SNPs in brook trout from below-barrier reaches of
several waterways revealed large degrees of admixture (Elias
et al., 2018). Nipigon Bay and associated tributaries support several
remnant populations of coaster brook trout (Huckins et al., 2008;
Newman and Dubois, 1996; Robillard et al., 2011), which may
facilitate greater gene flow among populations in this region.
Greater availability of adequate spawning and thermal habitat in
tributaries to Nipigon Bay compared to streams along the Min-
nesota North Shore may also contribute to the increased admixture
observed by Elias et al. (2018), particularly given sampling that
occurred during the summer months, a season where low flow
and high water temperatures on the Minnesota North Shore likely
prohibit the presence of brook trout.

The lack of admixture observed in this study, particularly in
below-barrier reaches where we detected individuals representing
more than one population during the spawning season, may be
indicative of limited spawning in below-barrier reaches along the
Minnesota North Shore. However, it is also possible that spawning
in below-barrier reaches does occur and is accompanied by strong
site fidelity, although this may be less likely given the lack of qual-
ity spawning habitat in below-barrier reaches of North Shore tribu-
taries (Goldsworthy et al., 2017). Our results may also reflect
limited spawning in Minnesota waters of Lake Superior, although
the presence of unsampled source populations within the lake is
possible. If spawning of brook trout in below-barrier reaches and
lake habitats along the Minnesota North Shore is indeed limited,
then conserving above-barrier populations will be key to rehabili-
tating coaster brook trout across the Minnesota North Shore. How-
ever, more studies are needed to identify additional source
populations for brook trout in this and neighboring regions, and
to clarify the spawning ecology of brook trout in below-barrier
reaches and lake habitats. Further, discerning the present-day vs.
historical role of above-barrier populations in supplying brook
trout to below-barrier reaches and to Lake Superior will be impor-
tant for predicting the future trajectory of this system.

Population conservation status

Although NE estimates for most of the genetically distinct pop-
ulations identified in this study exhibit wide confidence intervals,
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values for the upper and lower bounds of these intervals relative
to thresholds typically used to gauge population conservation sta-
tus are still informative for prioritizing monitoring efforts. For
example, it is possible that the Onion River, Knife River, and Kim-
ball Creek populations exhibit NE < 100, given that the lower
bounds of NE estimates for these populations fall below this value.
The Onion River population also exhibits the lowest NE observed in
this study, and the upper confidence interval for this estimate is
below 500, a threshold frequently regarded as necessary to main-
tain evolutionary potential (Franklin, 1980; Franklin et al., 2014;
Jamieson and Allendorf, 2012). Estimates of NE for every other pop-
ulation are also below 500, though the upper confidence intervals
for these estimates are infinite. Similarly, NE for the population in
the Baptism River approached 500; this result is consistent with
a close relationship to the population that comprised the majority
of individuals from Lake Superior. Though analysis of additional
individuals from each population is needed to increase the preci-
sion of the NE estimates presented here, our findings offer prelim-
inary insights to guide future assessments of genetic conservation
status in brook trout along the Minnesota North Shore.

The low values of NE we observed for above-barrier populations
likely reflects the relative isolation of these populations. It is also
possible that at least some of the below-barrier populations we
identified originated above the waterfall in each river, resulting
in NE values comparable to known above-barrier populations. This
is especially likely for the Knife River population, for which sam-
pling occurred at the waterfall and primarily targeted individuals
migrating downstream from above-barrier reaches. Isolated popu-
lations are more prone to loss of genetic diversity through genetic
drift, inbreeding, and allelic fixation and therefore often exhibit
reduced NE compared to non-isolated populations (Frankham,
2005; Frankham et al., 2017). Isolated above-barrier populations
of brook trout and other native trout have been shown to exhibit
higher extinction risks than adjacent below-barrier populations
(Torterotot et al., 2014; Weathers et al., 2019; Whiteley et al.,
2010); however, this effect may be less pronounced in above-
barrier populations that have access to larger habitat areas
(Whiteley et al., 2013). In this study, NE generally corresponds with
the relative size of the watershed inhabited by each population,
except for the population in the Kadunce River. For example, the
Onion River watershed is the smallest watershed in our study
region, and the population we identified in the Onion River also
exhibited the lowest NE. Future studies that explore the relation-
ship between NE and landscape features including available
above-barrier habitat size and quality are likely to provide impor-
tant insights into factors shaping the conservation status of brook
trout along the Minnesota North Shore.

Our reconstruction of historical NE revealed declining NE over
recent history for each population. If we assume a generation time
of two years (Letcher et al., 2007) and a starting year of 2018 (the
mean sampling year for the individuals analyzed here), then our
LinkNe estimates may correspond with a period spanning at least
40 years, though in reality this period is likely much longer
(Hollenbeck et al., 2016). Analyses of historical NE in other salmo-
nid species have revealed similar declines, as well as their underly-
ing causes. For example, Lehnert et al. (2019) reported declines in
NE over an approximately thirty year period for at least 60% of the
172 populations of Atlantic salmon they surveyed across North
America and Europe. Variables for temperature, precipitation,
and human population density were significantly associated with
observed declines. Additionally, Layton et al. (2021) detected decli-
nes in NE over an approximately eleven year period for all 28 pop-
ulations of Arctic char (S. alpinus) they analyzed from northeastern
Canada. Temperature was again significantly associated with
observed declines. Our results point to potentially large declines
in NE for brook trout along the Minnesota North Shore, highlighting
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the need for continued conservation efforts in this region. Future
work that incorporates information on relevant climate and land-
scape variables is necessary to identify underlying causes of the
declines reported here.
Hatchery stocking efforts

A lack of evidence for widespread domestic ancestry in the wild
brook trout analyzed in this study indicates that domestic brook
trout do not make a meaningful contribution to wild production
in the populations evaluated here. This result is consistent with
previous studies within the Lake Superior basin (Burnham-Curtis,
2001; Miller et al., 2016) and elsewhere across the native species
range (Annett et al., 2012; Beer et al., 2019; Kazyak et al., 2018;
Kelson et al., 2015; Lehnert et al., 2020; Morgan et al., 2021;
White et al., 2018; but see Erdman et al., 2022). Regardless, it is
possible that introgression of domestic alleles occurs in wild pop-
ulations that were not surveyed in this study. It is also possible that
stocked domestic brook trout impact their wild counterparts in
other ways, for example through competition for finite food and
habitat resources, which may be especially limited in below-
barrier reaches along the Minnesota North Shore. Understanding
potential impacts of hatchery stocking is important given that
domestic brook trout stocked in one location may be capable of
dispersing to additional locations and interacting with local popu-
lations, as evidenced by the wild-caught brook trout we putatively
identified as previously stocked domestic fish.
Management and conservation implications

This study offers important insights to inform coaster brook
trout restoration along the Minnesota North Shore. In 1997, Min-
nesota increased the stringency of harvest regulations in below-
barrier reaches accessible from Lake Superior by implementing a
restrictive possession limit of one fish over 20 in. This measure
was implemented to protect larger brook trout, which are more
likely to exhibit the coaster life history. However, this regulation
may not achieve the intended result of rehabilitating coaster brook
trout if spawning in below-barrier reaches is limited. Likewise,
stocking domestic individuals below barriers will be ineffective if
they fail to reproduce. If, instead, coaster brook trout are primarily
produced via above-barrier spawning, then rehabilitation efforts
will need to focus more on restoring instream habitat, rehabilitat-
ing riparian forest, protecting cold water seeps and springs, and
removing man-made fish passage barriers in above-barrier
reaches.

This study also includes conservation and management impli-
cations for brook trout beyond efforts focused on the coaster life
history. The riverine brook trout evaluated in this study exhibited
substantial population structure, with large degrees of genetic dif-
ferentiation possible across small spatial extents. Highly structured
populations have been reported in genetic studies of brook trout
from across the native species range (Ferchaud et al., 2020;
Kazyak et al., 2021). The large degrees of population structure
exhibited by brook trout potentially result from extensive local
adaptation and the impact of increasingly fragmented landscapes
on genetic connectivity. Regardless of the underlying factors, these
findings indicate that efforts to conserve the genetic diversity char-
acteristic of local populations may need to occur on equally local-
ized scales, presenting unique challenges to fisheries managers.
Despite these challenges, such efforts are increasingly important
to maintain a portfolio of genetic diversity (e.g., Hilborn et al.,
2003) critical for supporting the long-term persistence of native
brook trout populations despite changing environmental, ecologi-
cal, and climatic conditions.
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Concluding remarks

Our study comprises the first survey of genome-wide variation
in brook trout along the Minnesota North Shore. Results from this
study support the restoration of brook trout in this region by sup-
plying baseline information on the population structure and
source-sink dynamics of brook trout inhabiting riverine and lake
habitats. In particular, results from this work offer novel insights
into sources of coaster brook trout within Lake Superior and the
conservation status of brook trout populations along the Min-
nesota North Shore. Our results also indicate that the most effec-
tive way to conserve and restore coaster brook trout populations
in Lake Superior may be to renew focus on watershed health and
resilience, thus providing fisheries managers with insight into the
importance of protecting, enhancing, and rehabilitating the physi-
cal and thermal habitat of brook trout within tributary watersheds.
Future work to survey brook trout from more waterways along the
Minnesota North Shore and locations within Lake Superior will be
important for identifying additional sources of coaster brook trout.
Analyses to explore ecological and environmental drivers of
population-level conservation status will also be critical for guid-
ing future mitigation efforts. Importantly, our use of a RAD capture
panel, which targets a standardized set of SNPs distributed
throughout the brook trout genome, will enable additional individ-
uals to be easily incorporated into the dataset produced here. Such
standardized datasets are critical for directly integrating results
across studies and building datasets with increasing spatiotempo-
ral coverage. Our goal is for the results presented here to equip
fisheries managers in Minnesota and elsewhere across the Lake
Superior region with information to support healthy brook trout
populations and ensure the long-term sustainability of this ecolog-
ically, economically, and culturally important species.
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