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Abstract

Many populations of freshwater fishes are threatened with losses, and increasingly,
the release of hatchery individuals is one strategy being implemented to support
wild populations. However, stocking of hatchery individuals may pose long-term
threats to wild populations, particularly if genetic interactions occur between wild
and hatchery individuals. One highly prized sport fish that has been heavily stocked
throughout its range is the brook trout (Salvelinus fontinalis). In Nova Scotia, Canada,
hatchery brook trout have been stocked since the early 1900s, and despite continued
stocking efforts, populations have suffered declines in recent decades. Before this
study, the genetic structure of brook trout populations in the province was unknown;
however, given the potential negative consequences associated with hatchery stock-
ing, it is possible that hatchery programs have adversely affected the genetic integ-
rity of wild populations. To assess the influence of hatchery supplementation on wild
populations, we genotyped wild brook trout from 12 river systems and hatchery
brook trout from two major hatcheries using 100 microsatellite loci. Genetic analy-
ses of wild trout revealed extensive population genetic structure among and within
river systems and significant isolation-by-distance. Hatchery stocks were genetically
distinct from wild populations, and most populations showed limited to no evidence
of hatchery introgression (<5% hatchery ancestry). Only a single location had a sub-
stantial number of hatchery-derived trout and was located in the only river where
a local strain is used for supplementation. The amount of hatchery stocking within
a watershed did not influence the level of hatchery introgression. Neutral genetic
structure of wild populations was influenced by geography with some influence of
climate and stocking indices. Overall, our study suggests that long-term stocking has
not significantly affected the genetic integrity of wild trout populations, highlighting
the variable outcomes of stocking and the need to evaluate the consequences on a

case-by-case basis.
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1 | INTRODUCTION

Freshwater fishes are ecologically, culturally, and economically val-
ued in North America, yet these species are threatened by higher
extinction rates relative to many other vertebrates (Burkhead,
2012). Many populations have been adversely affected by recent
environmental and anthropogenic changes (Lynch et al., 2016),
and one management strategy to conserve these populations is to
supplement them with captive-bred individuals. The goal of these
supplementation programs can be to increase abundance to aid in
population recovery or alternatively these programs can be imple-
mented to reduce pressure on wild populations by increasing the
number of individuals available for harvest (Naish et al., 2007).

While supplementation can immediately increase the total abun-
dance of fish in a system, there is much controversy regarding the
overall effect on wild populations (Araki & Schmid, 2010; Brannon
et al., 2004; Naish et al., 2007). Salmonid species represent a large
proportion of artificially propagated fishes (Araki, Berejikian, Ford,
& Blouin, 2008; Hilborn, 2007; Lackey, Lach, & Duncan, 2006), yet
increasing evidence finds that hatchery salmonids are often less fit
than wild conspecifics (Araki & Schmid, 2010). The hatchery envi-
ronment can cause phenotypic and genetic changes; for example,
captive rearing has been documented to lead to a reduction in re-
productive success (Araki, Cooper, & Blouin, 2007), a decrease in
egg size (Heath, Heath, Bryden, Johnson, & Fox, 2003), changes in
behavior (Brown & Laland, 2001; Fleming & Gross, 1993; Sundstrom,
Petersson, Hojesjo, Johnsson, & Jarvi, 2004), lower genetic diversity
(Christie, Marine, French, Waples, & Blouin, 2012), heritable changes
in gene expression (Christie, Marine, Fox, French, & Blouin, 2016),
and epigenetic modification (i.e., DNA methylation) (Le Luyer et al.,
2017). Depending on the program objectives, captive rearing can re-
sult in intentional and unintentional changes that may produce fish
that are maladapted under natural conditions; thus, the release of
captive-reared individuals can have negative consequences if these
individuals interact and hybridize with wild individuals (Amoroso,
Tillotson, & Hilborn, 2017; Araki, Cooper, et al., 2007; Glover et al.,
2017; McGinnity et al., 2003). This can be especially problematic
when hatchery strains are derived from nonlocal populations, thus
further reducing the likelihood that these individuals will be suited
to local environments (Laikre, Schwartz, Waples, & Ryman, 2010;
Weigel, Adams, Jepson, Waits, & Caudill, 2019).

The release of hatchery salmonids can pose both ecological
and genetic risks to wild populations, where ecological impacts can
occur through interactions related to competition, predation, and
disease transfer (Krueger & May, 1991; Naish et al., 2007; Rand et
al., 2012). Genetic impacts on wild populations can occur through
hybridization and introgression whereby such events can reduce ge-
netic diversity (Christie et al., 2012; Gossieaux, Bernatchez, Sirois,

& Garant, 2019), introduce maladaptive alleles (Ferchaud, Laporte,

Perrier, & Bernatchez, 2018), break down coadapted gene com-
plexes (Waples, 1991), alter gene expression patterns (Lamaze,
Garant, & Bernatchez, 2013), and genetically homogenize natural
populations (Marie, Bernatchez, & Garant, 2010). These genetic
interactions between hatchery and wild salmonids may pose long-
term threats to wild populations (Muhlfeld et al., 2017; Naish et al.,
2007; Willoughby & Christie, 2019) as the genetic legacy of stocking
events may persist in populations long after stocking is terminated
(Jones, Clay, & Danzmann, 1996; Muhlfeld et al., 2017; Willoughby,
Harder, Tennessen, Scribner, & Christie, 2018).

Brook trout (Salvelinus fontinalis) is a highly prized sport fish that
has been extensively stocked throughout its native range in eastern
North America as well as other regions throughout the world (Kerr,
2000; Kitano, 2004; Lecomte, Beall, Chat, Davaine, & Gaudin, 2013;
MacCrimmon & Campbell, 1969). While stocking of brook trout
has occurred for more than a century in some regions (Kerr, 2000;
MacCrimmon & Campbell, 1969), many populations have declined in
recent decades (Hudy, Thieling, Gillespie, & Smith, 2008; MacMillan,
Caissie, Marshall, & Hinks, 2008; Nova Scotia Department of
Agriculture & Fisheries, 2005; Stranko et al., 2008). Brook trout
populations are threatened by habitat alteration, warming climate,
overexploitation, and the introduction of invasive species (Hudy et
al., 2008; MacCrimmon & Campbell, 1969; MacMillan et al., 2008;
Stranko et al., 2008), and stocking can be a promising management
tool to conserve populations and/or increase recreational opportu-
nities. However, the impacts of stocking on wild brook trout popu-
lations can be variable. In some systems, hatchery stocking has led
to extensive hybridization between hatchery and wild brook trout
(Harbicht, Alshamlih, Wilson, & Fraser, 2014; Lamaze, Sauvage,
Marie, Garant, & Bernatchez, 2012) and disrupted the genetic integ-
rity of wild populations (Gossieaux et al., 2019; Lamaze et al., 2013,
2012; Marie et al., 2010). In these cases, the probability of hatchery
introgression can be influenced by various factors, including the tim-
ing and intensity of stocking events, number of years since stock-
ing, the size of the watershed, and environmental variables such
as dissolved oxygen, temperature, and pH (Harbicht et al., 2014;
Létourneau et al., 2018; Marie, Bernatchez, & Garant, 2012). These
studies represent systems where stocking events have occurred
in lakes; however, other studies conducted on river systems have
often found limited genetic impact of hatchery stocking on brook
trout populations (Jones et al., 1996; Kazyak, Rash, Lubinski, & King,
2018; Kelson, Kapuscinski, Timmins, & Ardren, 2015; White, Miller,
Dowell, Bartron, & Wagner, 2018). For example, White et al. (2018)
found that less than 6% of wild-caught brook trout showed evidence
of hatchery ancestry despite recurrent stocking efforts.

In Nova Scotia, brook trout is one of the most sought after sport
fishes, and to meet the needs of recreational anglers, brook trout have
been stocked since at least 1904 (Department of Marine & Fisheries,
1905) with detailed records extending back to 1974 (Alexander,
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1977; Nova Scotia Government, 2018). Despite stocking efforts,
recreational catches have declined by approximately 60% in recent
decades, corresponding to reduced angling effort as well as impacts
associated with environmental and anthropogenic changes (Heggelin,
2008; Nova Scotia Department of Agriculture & Fisheries, 2005). To
date, the population genetic structure of brook trout in the province of
Nova Scotia had not been reported; however, brook trout populations
are often found to be highly genetically structure within and among
river systems (Ferchaud et al., 2019; Ward, Woodwark, & Skibinski,
1994), and thus, high levels of genetic structure may be expected in
Nova Scotia rivers. Nonetheless, given the extensive stocking that has
occurred, it is possible that these programs have affected the genetic
integrity of populations (Marie et al., 2010), which could influence
their vulnerability. To assess the genetic effect of hatchery supple-
mentation on wild brook trout populations in Nova Scotia, we geno-
typed hatchery and wild brook trout from 12 river systems that vary
in stocking intensity. The main objectives of our study are threefold.
First, we aim to characterize genetic diversity and structure of wild
brook trout populations that have experienced varying levels of sup-
plementation. Using this information, our second objective is to quan-
tify genetic differentiation between the hatchery and wild populations
and determine the level of hatchery introgression in the wild. Finally,
our third objective is to determine which environmental and anthro-
pogenic variables influence genetic structure and the level of hatchery
introgression in wild populations. Our study will provide information
on connectivity and diversity of wild trout populations and determine
to what extent populations have been genetically affected by long-
term hatchery stocking programs. As animal populations worldwide
continue to be threatened with losses (Burkhead, 2012; Ceballos,
Ehrlich, & Dirzo, 2017), supplementation of captive-bred individuals
remains an important approach for supporting and conserving these
populations (Ebenhard, 1995; Naish et al., 2007; Seddon, Armstrong, &
Maloney, 2007). Therefore, it is necessary that we understand the ge-
netic consequences of releasing captive-bred individuals and identify
the factors that may increase the probability of introgression in the

wild to help predict the outcomes of supplementation.

2 | MATERIALS AND METHODS
2.1 | Fish sampling and tissue collection

Wild brook trout were sampled by angling and backpack electro-
fishing from multiple sites within 12 river systems across the prov-
ince of Nova Scotia, Canada, between 2016 and 2018 (Table S1
and Figure 1a). Sampled trout were ages 1+ and 2+ to reduce the
probability of collecting siblings, which is likely to be higher during
early life stages provided less opportunity for selection to operate.
Nonetheless, we did not measure relatedness among individuals and
therefore did not attempt to remove siblings because this can re-
sult in a loss of information in population genetic datasets (Waples
& Anderson, 2017). Young-of-the-year (YOY) were also captured at

one site (Varner Brook), and these samples were kept separate from

T, V|| FY-

older fish (Table S1). A distance of >1 km separated the majority of
sites within a system, which is greater than the home range of brook
trout reported in earlier studies (Gowan & Fausch, 1996; Hartman
& Logan, 2010; Moore, Larson, & Ridley, 1985). In addition, samples
from each site were collected within a single year and not over mul-
tiple years. Adipose fin clips were taken and air-dried in paper en-
velopes for later DNA analyses. Hatchery brook trout are stocked
within many of these river systems (Figure 1b,c and Figure S1; see
below), and at one sampling site (Lake O'Law Brook, Margaree River),
it was suspected that some wild-caught fish might be hatchery origin
due to evidence of fin erosion. At this site, samples with fin erosion
were separated from those without fin erosion for analyses (Table
S1).

Hatchery produced brook trout are stocked in many Nova Scotia
water bodies in the fall and spring (see Figure 1b and Table 2). The
spring stocking program includes the use of fry to supplement re-
cruitment of trout to the fishery and sizeable trout for immediate
harvest. The fall stocking program stocks sizeable trout to support
winter angling and fingerlings that can grow to be harvested later
(Nova Scotia Department of Agriculture & Fisheries, 2005) (see
Figure S1 for size distributions and Figure 1c for proportion of adults
(21 year posthatch) and juveniles stocked). Fin clips were collected
from hatchery brook trout at Fraser's Mills and Margaree Fish hatch-
ery facilities, two of the three provincial hatcheries (see Table 1 and
Figure 1a). We did not collect samples from the third hatchery oper-
ated by the province, McGowan Lake hatchery, which stocks trout
in the western part of Nova Scotia. This hatchery was established in
1987 with trout originating from Fraser's Mills hatchery and contin-
ues to receive eggs from Fraser's Mills hatchery each year; thus, we
expect the two hatcheries to be genetically similar. The Fraser's Mills
hatchery was established in 1928 with trout from different sources
including Saint John River hatchery, New Brunswick, Canada, and the
American Fish Culture Company, Rhode Island, USA (Department of
Marine & Fisheries, 1929). To date, no studies have investigated the
genetic origins of this hatchery stock. Samples were collected and
preserved from four strains maintained at the Fraser's Mills hatch-
ery, which include Flat Lake strain, Timber Lake strain, Fraser's Mills
domestic strain, and Sea Trout strain. Additional hatchery samples
were collected from a trout derby in Pictou, NS, where strains from
Fraser's Mills were stocked in a pond. At Margaree Fish hatchery,
samples were collected and preserved from the single strain main-
tained at the hatchery. The Margaree Fish hatchery was established
in 1902 and currently uses locally sourced wild brook trout from the
Margaree River for hatchery production (D. Murrant, Manager of
Fisheries Enhancement, Nova Scotia Department of Fisheries and

Aquaculture; pers. comm.).

2.2 | DNA extraction and microsatellite sequencing

DNA was extracted from tissue using a solid-phase technique modi-
fied from Elphinstone, Hinten, Anderson, and Nock (2003). Briefly,

tissue was digested with proteinase K, and the DNA was bound to
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silica fines in a chaotropic salt, purified using 384-well filtration
plates, and eluted in a low-salt buffer (1x TE). DNA was multiplexed
and indexed following Zhan et al. (2017) using 4 separate multiplex
reactions of 19, 23, 25, and 33 loci per multiplex. A total of 100 mi-
crosatellite loci (Table S2) were selected from previously developed
“legacy” loci (n = 33) and from newly identified loci (n = 67) in the
Arctic charr (Salvelinus alpinus) genome. The thirty-three legacy
loci included 5 loci from brook trout S. fontinalis (King, Lubinski,
Burnham-Curtis, Stott, & Morgan, 2012) and 28 loci from Atlantic
salmon Salmo salar (see Bradbury et al. (2018) for microsatellite loci
and Lien et al. (2016) for Atlantic salmon genome used for primer
design). The sixty-seven newly developed loci were designed from
the Arctic charr genome (Christensen et al., 2018) and included 42
loci used in Layton et al. (in press) for Arctic charr and 25 loci that
were uninformative in Arctic charr but proved variable in the present
study of brook trout.

Pooled libraries were sequenced on an lllumina MiSeq at an
average depth of 500 reads per sample per locus using 150 cycle
v3 reagent kits. Loci were demultiplexed, and alleles were scored
using MEGASAT (Zhan et al., 2017). Individuals were filtered from

DO

the dataset if the genotyping rate was lower than 70% (n = 37 in-
dividuals removed). Loci were also examined for missing data;
however, all loci were genotyped in >70% of individuals, and thus,
no loci were removed from the analyses. After filtering, a total of
1,520 wild trout and 209 hatchery trout were used for genetic anal-
yses in our study. For wild brook trout sites, all loci had 2 or more
alleles with a mean of 7.66 alleles per locus (range 2-33 alleles).
In addition, across all wild sites and loci comparisons (n = 3,300),
only 1% of comparisons showed significant deviations (adjusted
alpha = 0.05/33) from Hardy-Weinberg equilibrium (HWE) using
the R package diveRsity (Keenan et al., 2013); therefore, all 100 loci

were kept for subsequent analyses.

2.3 | Population genetic analyses
2.3.1 | Genetic diversity of wild trout populations

For all wild brook trout sites, we calculated measures of genetic

diversity, including inbreeding coefficient (F,;), observed and
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(Continued)

TABLE 1

FIS

cl,

al,

cl,

cl,

Mean

cl,

cl,

Mean

cl,

cl,

N Mean

River system

Code

[

533.5
83.8

1,834.6
109.3
1,641

0.44
0.43
0.4

0.35
0.34
0.35
0.36
0.35
0.36
0.34

0.39
0.39
0.39
0.40
0.39
0.40
0.39

0.43
0.43
0.44
0.45
0.43
0.45
0.44

0.33
0.34
0.35
0.36
0.34
0.36
0.34

0.38

0.061

-0.007
-0.033
-0.023
-0.019
-0.021
-0.035
-0.025

0.027

River Denys

RD

154.5

0.38

0.036

31 0.001

Margaree River

LakH
LakW
PO
HA

0

529.3
388.8
581.3

3

0.39

0.043

55 0.010

48

Margaree River

887.8

0.45
0.44
0.45
0.43

0.40

0.039

0.010

Margaree River

o

3,188.5
709.7

0.38

0.034

0.006
-0.009

50
48

Baddeck River

6,024.4
616.1

371.4

0.41
0.39

0.017

Baddeck River

Ang
Mi

233.6

341.4

0.027

0.001

Baddeck River
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Note: Estimates for inbreeding coefficient (F ), observed heterozygosity (H ), expected heterozygosity (H,), and effective population size (N,) are provided with 95% confidence intervals (Cl). N, was

calculated using an allele frequency cutoff (P-crit) of 0.01, and the corresponding confidence intervals were adjusted using the jackknife method.

expected heterozygosity (H, and H,), and effective population size
(N,). Mean estimates of inbreeding and heterozygosity were calcu-
lated with 95% confidence intervals using the R package diveRsity
(Keenan et al., 2013). N, was calculated in NeEstimator v2 (Do et
al., 2014) using an allele frequency cutoff (P-crit) of 0.01, and es-
timates were calculated with corresponding confidence intervals
adjusted using the jackknife method (Jones, Ovenden, & Wang,
2016). Significant differences between sites for diversity meas-
ures were determined based on nonoverlapping 95% confidence

intervals.

2.3.2 | Population structure and genetic differences
between wild and hatchery populations

Genetic structure was also examined among all wild brook trout
sites as well as the hatchery samples. For the first comparison,
a principal coordinate analysis (PCoA) was performed using the
R package adegenet (Jombart, 2008). PCoA was performed with
and without hatchery samples. In addition, isolation-by-distance
(IBD) was also examined among wild brook trout populations.
Least-cost distance (km) was calculated between all sites as well
as genetic divergence (Slatkin's linearized F4;) in Arlequin v3.5.2.2
(Excoffier & Lischer, 2010). To calculate least-cost distances be-
tween sites, we used both the R package marmap (Pante & Simon-
Bouhet, 2013) and Google Earth. First, distance between river
systems along the Nova Scotia shoreline (in the ocean) was cal-
culated using the lc.dist function in marmap. Second, we meas-
ured distance to sites along the course of each river (approximate
hydrologic distance) using Google Earth and these values were
added to distance estimates. The relationship between genetic
and geographic distance was examined using mantel.randtest
function with 1,000 permutations in the R package ade4 (Dray &
Dufour, 2007).

For all subsequent analyses, hatchery samples were included
in the analyses to compare genetic differences between hatchery
and wild trout. Using Arlequin v3.5.2.2 (Excoffier & Lischer, 2010),
pairwise genetic divergence (F¢;) was calculated between all sites
with corresponding significance (p-values). To determine significant
genetic divergence between sites, we used an adjusted (Bonferroni)
alpha level of 0.0014 to account for multiple comparisons among the
35 sampling locations.

Bayesian clustering analysis was performed using STRUCTURE
v2.3.4 (Pritchard, Stephens, & Donnelly, 2000) implemented
through parallelstructure (Besnier & Glover, 2013) with three inde-
pendent Markov chain Monte Carlo (MCMC) runs using 100,000
burn-in and 500,000 iterations for each value of K (genetic clusters)
ranging from 1 to 40. Although best K is often determined based on
the AK statistic (Evanno, Regnaut, & Goudet, 2005), this statistic
may be unreliable in complex evolutionary scenarios (Janes et al.,
2017). Therefore, using STRUCTURE HARVESTER, we examined
the plateau in mean LnPr(X|K) estimates to assess best K (Janes et
al., 2017).
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2.4 | Assessing populations for evidence of hatchery
introgression

To quantify levels of hatchery introgression, we first generated a
simulated and centered hatchery population for the two hatcheries.
These simulations were only performed for introgression analyses
and not for analyses of genetic diversity and structure (above analy-
ses). To generate these two simulated hatchery populations, we used
fregbasedsim_AlleleSample function in the R package hybriddetec-
tive (Wringe, Stanley, Jeffery, Anderson, & Bradbury, 2017a). The
purpose of these simulations was to generate a dataset that repre-
sents the average allele frequencies in the hatchery populations for
each of the two hatcheries to reduce the presence of substructure
that may bias assignment analyses.

Using simulated and centered datasets for both the Fraser's
Mills and Margaree hatcheries, we next used two approaches to
investigate evidence of introgression. First, STRUCTURE v2.3.4
(Pritchard et al., 2000) was used to assign individuals to genetic
clusters (i.e., wild and hatchery clusters). This approach is similar
to those described by Karlsson, Diserud, Moen, and Hindar (2014)
where domestic populations are combined and centered to re-
duce biases associated with sample heterogeneity and different
sample sizes, and to help standardize estimates of introgression
across STRUCTURE runs (Karlsson et al., 2014). This centering
approach has been applied by other studies to identify domestic
introgression in wild populations (Sylvester et al., 2019; White et
al., 2018; Wringe, Jeffery, et al., 2018). Ideally, wild populations
would be centered as well; however, given the high levels of ge-
netic structure found here (see Results) and unknown levels of
hatchery introgression, we have not attempted to create a centered
wild population. Instead, STRUCTURE was run separately for each
river system as significant population structure was found within
and among many river systems (see Results). Sites from the east
branch of the Saint Mary's River system were also analyzed sep-
arately from those in the main branch. For each river system, the
simulated Fraser's Mills hatchery population was included because
records indicate that all stocked systems have been stocked with
trout from Fraser's Mills hatchery at some point in time. Fraser's
Mills samples were included in all analyses regardless of whether
any stocking was present or absent in the river system. This is
because Fraser's Mills has been stocked extensively across Nova
Scotia in the past and thus may be useful for detecting introgres-
sion in the event that unreported stocking has occurred. The simu-
lated Margaree hatchery population was also included in analyses
if stocking records indicated that the strain had been previously
stocked in that system (only sites on Cape Breton Island in eastern
NS). We only included Margaree hatchery in these locations, be-
cause, unlike Fraser's Mills, these hatchery fish have not been ex-
tensively stocked at a large scale throughout the province and we
do not expect that hatchery fish will move large distances (Gowan
& Fausch, 1996; Hartman & Logan, 2010; Moore et al., 1985). For
analyses within each river system, a location prior was used for the

simulated hatchery population(s) as well as for the uppermost site

in the watershed. We included the location prior for the uppermost
site to represent a “pure” wild location because we expected this
site to have more limited hatchery introgression, as it should be
more difficult to access the upper reaches of the watershed. For
the three rivers where no upper site was present (Upper Medway,
Salmon River, and St. Mary's Bay), no location prior was used for
the wild location. STRUCTURE v2.3.4 (Pritchard et al., 2000) was
executed through parallelstructure (Besnier & Glover, 2013) with
three independent Markov chain Monte Carlo (MCMC) runs using
100,000 burn-in and 500,000 iterations for each value of K ranging
from 1 to the total number of wild and hatchery sites present in the
analysis. Output plots were visually inspected for best K, which was
dependent on population structure within the watershed and how
many hatchery populations were included. Using the best K (range
K = 2-4), CLUMPP (Jakobsson & Rosenberg, 2007) was used to
determine the mean proportion of hatchery membership (Q-value)
across runs for each wild site. In cases where two hatchery sources
were used, the mean membership proportions to each hatchery
source were summed to determine total hatchery membership.
Proportion of hatchery membership for each site was considered a
measure of hatchery introgression for the site.

Next, we used NEWHYBRIDS v1.1 (Anderson, 2008) to assign
individuals within each site to one of six possible genotype classes,
which included pure wild, pure hatchery, F, hybrid, F, hybrid, back-
cross-wild, or backcross-hatchery. Given that population structure
was found within most river systems (see Results), analyses were
performed for each site (within rivers) separately so that there was
only one hatchery and one wild population in each NEWHYBRIDS
run. As above, simulated Fraser's Mills samples were used in all
analyses. In locations where both Margaree and Fraser's Mills trout
had been stocked, analyses were preformed separately for each
hatchery source. Datasets for each site were run in NEWHYBRIDS
in parallel through the R package parallelnewhybrid (Wringe, Stanley,
Jeffery, Anderson, & Bradbury, 2017b) using 100,000 burn-in and
500,000 MCMC iterations. For each individual, the genotype class
with the highest posterior probability was used to classify each in-
dividual at each site. For some sites, NEWHYBRIDS runs failed to
converge, suggesting that loci did not have enough discriminatory
power to differentiate between the wild and hatchery individu-
als. Therefore, we only report results for sites where the wild and
hatchery population could clearly be discriminated, and for these
sites, we calculated the proportion of individuals assigned to each
genotype class.

2.5 | Environmental and anthropogenic correlates
to genetic structure and introgression

2.5.1 | Anthropogenic variables: Hatchery
stocking and human disturbance

Detailed hatchery stocking records were obtained from the

province of Nova Scotia (source: https://data.novascotia.ca/
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Fishing-and-Aquaculture/Nova-Scotia-Fish-Hatchery-Stocking-
Records/8e4a-méfw/data). Records begin in 1976, and stocking
information includes number and size of stocked fish, location,
date, stocking objective (spring vs. fall program), and hatchery/
strain origin. We compiled brook trout stocking data for all water
bodies within the 12 systems sampled in our study. For each
river system, we calculated the total number of fish stocked,
number of stocking events, mean number and weight (grams) of
fish stocked per event, number of fish stocked in fall and spring
programs, proportion of adults stocked, and the first and last
year in records (see Table 2 for stocking details by river system).
Stocking did not occur every year in every system (see Figure
S2 for number of fish stocked each year), and thus, we also cal-
culated the number of years in which stocking events occurred
(Table 2). Mean year of stocking events was also calculated across
all stocking events (Table 2). In addition, given that the intensity
of stocking may differ for different locations within the rivers
(Colautti, 2005), we also estimated a measure of propagule pres-
sure for each sampling site in our study. Propagule pressure can
be calculated (Keyser et al., 2018) based on the number of fish
stocked during each stocking event and the distance between a

given site and the stocking site:

Fia
Propagule pressure for a given site in ariver (R) = _
pagule p forag R i; [CDs,, R

where R is a given sampling site, Fig is the number of fish stocked
at a given location (Si,d) on a given date, and LCD is the least-cost
distance between the sampling site R and the stocking site S, 4 For
each site, LCD was calculated based on the straight-line distance
(kilometers) between the sampling site and the nearest stocking
site within that river. Following this equation, total propagule pres-
sure is based on the sum of propagule pressure from all stocking
events.

In addition to stocking data, we also calculated the average
human density (persons/km?) around each site. Human population
density (resolution 0.1 degrees; source: https://neo.sci.gsfc.nasa.
gov/) was used as a proxy for habitat disturbance (see Lehnert, Kess,
et al.,, 2019), and density values were averaged from a larger grid
(0.5° latitude x 0.5° longitude) around each site to capture human

activity in the surrounding region.

2.5.2 | Environmental variables

Environmental data were also compiled for each sampling site.
Based on latitude and longitude of each site, we extracted 19 bio-
climatic variables representing precipitation and temperature data
from WorldClim version 2.0 (http://worldclim.org/version2) at a spa-
tial resolution of 2.5 arc minutes (Fick & Hijmans, 2017). Elevation
(meters) was also extracted for each site using topography data from

marmap R package (Pante & Simon-Bouhet, 2013).
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2.5.3 | Environmental and anthropogenic
associations with genetic structure

Distance-based redundancy analysis (dbRDA) was performed using
the R package vegan (Oksanen et al., 2017) with environmental and
anthropogenic variables as constraining factors to explain genetic
variation among wild brook trout sites. For the genetic data, we per-
formed a PCoA using a distance matrix generated based on allele
frequencies and we retained the first two PCo axes for the response
in the dbRDA. PCo axis values were averaged among all individuals
at a site to generate population-level values. For the dbRDA, pro-
vided that many of the 19 bioclimatic variables are highly correlated
with each other, these variables were collapsed into principal com-
ponents (PCs) using prcomp function in R. Similarly, stocking vari-
ables were also highly correlated with each other, and thus, stocking
data were also collapsed into PCs. For the stocking PCA, we in-
cluded 8 variables, which were propagule pressure, total number of
fish stocked, number of fish stocked in fall and spring, proportion
of adult fish stocked overall, mean number and weight of fish per
stocking event, and number of years since mean year of stocking.
The number of years since mean year of stocking was determined
by subtracting the value from 2018, and all sites without stocking
were given a value of 42 years (no stocking record since 1976). Prior
to PCAs for bioclimatic and stocking data, all variables were scaled
using the scale function in R. In the dbRDA, we included all PC axes
that explained >80% of the variance. Human density, elevation, and
geographic distance from the westernmost site were also scaled and
included as additional variables in the dbRDA. Geographic distance
was calculated as distance by water (km) from Duffy Brook in Saint
Mary's Bay (westernmost site). Partial dbRDA was then performed
with the same variables after controlling for geography (hydrologic
distance from the westernmost site). The significance of each vari-
able was determined by assessing the marginal effects of each term
in the model with all other variables using 1,000 permutations with
the ANOVA function in vegan.

2.5.4 | Environmental and anthropogenic
associations with hatchery introgression

In addition to determining how environmental and anthropogenic
variables correlate with genetic structure, we also used multiple re-
gression to investigate whether factors such as environmental and
anthropogenic variables (same as above) were associated with the
level of hatchery introgression. The environmental variables used
in the model included principal components of bioclimatic variables
(enviro-PCs 1-3; see above) as well as elevation. Anthropogenic
variables included stocking principal components (stocking PCs 1-2)
and human population density. The full model included these seven
variables, and variance inflation factors were all below 5 (max value
4.28), suggesting generally low collinearity among variables. The

level of introgression was determined by the proportion of hatchery


https://data.novascotia.ca/Fishing-and-Aquaculture/Nova-Scotia-Fish-Hatchery-Stocking-Records/8e4a-m6fw/data
https://data.novascotia.ca/Fishing-and-Aquaculture/Nova-Scotia-Fish-Hatchery-Stocking-Records/8e4a-m6fw/data
https://neo.sci.gsfc.nasa.gov/
https://neo.sci.gsfc.nasa.gov/
http://worldclim.org/version2

LEHNERT ET AL.

0wy e —

membership (Q-value from STRUCTURE analysis) for each site and
was log-transformed and used as the response in the model.

3 | RESULTS
3.1 | Population genetic analyses
3.1.1 | Genetic diversity of wild trout populations

Estimates of genetic diversity in wild trout populations are pre-
sented in Table 1 and Figure S3. Mean heterozygosity estimates
varied across sites, where mean H_ and H, across all sites were both
0.36. Heterozygosity estimates (H  and H,) were generally higher for
sites in the eastern part of the province (Cape Breton Island), where
Angus Farquhars Brook (Ang) in Baddeck River had the highest ex-
pected heterozygosity estimates (H, = 0.40), but the majority of sites
in the province (all except two sites) did not differ significantly in
heterozygosity from Angus Farquhars Brook. Only one site had sig-
nificantly lower observed heterozygosity relative to all other sites,
and this was Greens Brook (GR) in Saint Mary's River (H, = 0.22;
H,=0.22).

Observed and expected heterozygosity were similar to each
other within most sites, as inbreeding coefficients (F ;) suggested no
significant deviations from random mating in the majority of sites.
Only two sites showed significant evidence of inbreeding based on
bootstrapped 95% confidence intervals, and this included the Upper
Medway (UM) system and Cooks Brook (CO) in the LaHave system
(Table 1; Figure S3). Two sites in Saint Mary's River (Kelly Brook
[Kel] and Clarks Creek [Cla]) had negative F; values that deviated
significantly from zero indicating an excess of heterozygotes in the
population.

In addition to higher heterozygosity estimates in the eastern
part of the province, effective population size (N,) was also generally
higher in this part of the province. Harris Brook (HA) in the Baddeck
River had the largest positive N, (N, [95% CI] = 3,188.5 [581.3-Inf]),
although two other sites had negative N, values, which can be in-
dicative of large population sizes (Sawmill Site [SA] N, = -1,729.3
[2,061.6-Inf]; Clarks Creek [Cla] N, = -774.1 [402.3-Inf]). The site
with the smallest N, was Glencoe Brook (GL) in East River Pictou
(N, =10.1 [9.2-11.1]).

3.1.2 | Population structure and genetic differences
between wild and hatchery populations

For wild populations, principal coordinate analysis (PCoA) separated
individuals from sites in the eastern and western part of the prov-
ince along the first PCo axis (Figure 2a). Intermediate sites included
Musquodoboit River and Saint Mary's River that are located in the
central part of this range. Along the second PCo axis, one site within
the Saint Mary's River (Greens Brook [GR]) was separated from all

other sites and this site was characterized by significantly lower

diversity relative to other sites (see above). Overall, genetic structur-
ing of wild brook trout populations was consistent with significant
isolation-by-distance (p = .001; r = .23; Figure S4).

Using both hatchery and wild samples in the PCoA (Figure 2b),
hatchery samples from Margaree hatchery clustered with individu-
als from Margaree River, whereas samples from Fraser's Mills hatch-
ery were separated from most populations with the exception of St.
Mary's Bay. To further investigate the close association between
Fraser's Mills and St. Mary's Bay, a separate PCoA was performed
on only these samples and revealed clearly distinct clusters between
hatchery and wild individuals on the first PCo axis (Figure S5).

Estimates of genetic divergence (F¢;) between sites were signifi-
cant for the majority of pairwise comparisons, including sites within
the same river system (Figure 2c and Table S3). Only a few com-
parisons within river systems were not significantly divergent, and
this included sites in St. Mary's Bay (Boudreau Brook sites 1 and 2;
Fsr = 0.01), sites in River Denys (Sawmill Site [SA] and River Denys
sites [RD]; F¢; = 0.0005), and sites in Baddeck (Harris Brook [HA]
and Angus Farquhars Brook [Ang], F¢r = -0.027; Harris Brook [HA]
and Mill Brook [MI], F¢; = -0.0045). All sites were significantly diver-
gent from sites in other river systems except for one site in Baddeck
(Harris Brook; HA), which was not significantly divergent from all
sites in the River Denys systems (F¢; < -0.007). Low genetic diver-
gence between River Denys and Baddeck sites could indicate mi-
gratory anadromous trout, as some of these locations are in lower
reaches of the systems. Both hatchery samples (Fraser's Mills and
Margaree) were significantly genetically divergent from most wild
brook trout sampling sites, with one exception. The Margaree hatch-
ery was not genetically divergent from samples that had evidence
of fin erosion (potential hatchery origin) in Lake O'Law Brook in
Margaree River (Fs; = 0.007). Samples without fin erosion from the
same location were genetically divergent from the Margaree hatch-
ery (Fgr = 0.01). Fraser's Mills was significantly divergent from all
wild sites. Although Fraser's Mills hatchery strains were combined
for these analyses, genetic divergence (Fs;) between the hatchery
strains and sample sizes are provided in Table S4.

Bayesian clustering analyses revealed evidence of genetic struc-
ture across the province where best K was 25 genetic clusters (see
Figure S6), which separated all river systems from each other and
revealed substructure within some systems (Figure 3). Using K = 25,
hatchery samples from Margaree clustered with wild sites in the
Margaree River, whereas the Fraser's Mills Hatchery had member-
ship to several clusters that were distinct from wild samples.

3.2 | Assessing populations for evidence of
hatchery introgression

To assess introgression, STRUCTURE runs were performed within
each river system with centered hatchery populations (see Methods).
Evidence of hatchery introgression was generally low across the prov-
ince. Based on population-specific membership to the hatchery clus-

ter, all sites had less than 5% hatchery ancestry with the exception
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of Lake O'Law Brook in Margaree (Figure 4a). Two groups of samples
were genotyped from Lake O'Law, which included samples with and
without fin erosion. Samples with fin erosion (suspected of being
hatchery origin) had high membership to the hatchery cluster (mean
Q-value = 0.78), whereas samples without fin erosion showed moder-
ate levels of hatchery membership (mean Q-value = 0.23). Following
Harbicht et al. (2014), we considered trout to be pure hatchery or pure
wild if membership to the hatchery cluster was greater than 90% (Q-
value > 0.90) or less than 10% (Q-value < 0.10), respectively. For Lake
O'Law samples with fin erosion, 52% (n = 16/31) were pure hatchery
trout and only two trout were pure wild origin. Conversely, for samples
without fin erosion, 69% (n = 38/55) were pure wild trout and only
three trout were pure hatchery. Overall, aside from Lake O'Law, hatch-
ery introgression was low in wild populations.

Using NEWHYBRIDS, we found similarly low levels of hatchery
introgression across sites (Figure 4b), as no recent hybrid individuals
(i.e., no F, ) or pure hatchery trout were found at wild sites. While
not all sites could be examined using NEWHYBRIDS given reduced
discriminatory power of loci in some locations, we found that sites
were primarily (>75%) comprised of pure wild trout with evidence
of potential F, hybrids and backcross-wild individuals at some sites
(Figure 4b). Reduced discriminatory power for some locations is not
unexpected, as previous work using NEWHYBRIDS indicates that
when domestic individuals are derived from local sources, as is the
case for Margaree, hundreds of loci can be required to accurately
identify hybrids and pure individuals in the wild (Wringe, Anderson,
Jeffery, Stanley, & Bradbury, 2018). We note that analyses using
Margaree River hatchery did not converge, and thus results repre-
sent potential hybridization associated with the Fraser's Mills hatch-

ery only.

3.3 | Environmental and anthropogenic correlates to
genetic structure and introgression

3.3.1 | Environmental and anthropogenic
associations with genetic structure

For distance-based redundancy analysis (dbRDA), bioclimatic and
stocking data were collapsed into principal components (PCs) as
many showed high correlations with each other (see Tables S5 and
S6). The 19 bioclimatic variables were collapsed into PCs, and the
first three PCs were retained as they explained 81% of the variation
(see Figures S7 and S8 for variable contributions and loadings). The
bioclimatic PC axes 1, 2, and 3 explained 39.0%, 29.8%, and 11.9%
of the variance, respectively. Similarly, stocking data were also col-
lapsed into PCs, and the first two axes were retained and explained
83% of the variation in stocking (see Figures S9 and S10 for variable
contributions and loadings). The stocking PC axes 1 and 2 explained
62.7% and 20.1% of the variance, respectively. dbRDA revealed sig-
nificant effect of geographic distance (p = .001) on the first RDA
axis and stocking (PC2; p = .006) on the second RDA axis related

to genetic structure of brook trout populations (Figure 5a). After
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controlling for geography (hydrologic distance from the western-
most site), partial dbRDA revealed that the anthropogenic variable of
stocking PC2 significantly explained genetic structure of wild brook
trout (Figure 5b). In this partial dbRDA, RDA axes 1 and 2 explained
61% of the genetic variation (overall Rgdj = 0.30). The stocking vari-
able contributing to stocking PC2 is the proportion of adults stocked
in a system, and this variable showed a positive relationship with ge-
netic population structure associated with PCo axis 2 that separated
populations along RDAZ2 (see Figure S11a).

Notably, one site (Greens Brook [GR] in Saint Mary's River)
in our analyses was divergent from all other sites, and thus, we
performed the same analyses as above with this site excluded in
case this one site skewed our analyses. Without Greens Brook
(GR), dbRDA revealed a significant effect of geography (hydro-
logic distance from the westernmost site) (p = .001), stocking PC2
(p = .001), and bioclimatic PC2 (p = .001) on genetic structure
of brook trout (Figure 5c). After controlling for geography (geo-
graphic distance), partial dbRDA revealed significant effect of
bioclimatic PC2 (p = .005) and stocking PC2 (p = .004) on brook
trout genetic structure (Figure 5d). Overall, in the partial dbRDA,
RDA axes 1 and 2 explained 78% of the genetic variation (over-
all Rgdj =0.43). The significant variables (bioclimatic PC2 and stock-
ing PC2) tended to be associated with population structure along
the second axis (PCo axis 2). Consistent with the first RDA (with
all sites), stocking PC2 (i.e., proportion of adults stocked) showed
a positive relationship with genetic population structure (PCo axis
2) when GR was removed (see Figure S11b). Bioclimatic variables
loading the highest on bioclimatic PC2 included BIO4 and BIO7
representing measures of temperature variability, including tem-
perature seasonality and annual temperature range, respectively.
Both bioclimatic variables showed a positive relationship with
population structure based on PCo axis 2 (Figure S11c,d).

3.3.2 | Environmental and anthropogenic
associations with hatchery introgression

Multiple regression analysis revealed that no anthropogenic or envi-
ronmental variables significantly explained levels of hatchery intro-
gression in wild brook trout populations (Table 3; F7y25 =1.89,p=.12;
Rgdj =0.16). Nonetheless, we note that elevation approached statisti-
cal significance in the model (p-value = .054). However, given that
sites in Lake O'Law had much higher levels of introgression relative
to all other sites, we removed Lake O'Law and reran the analysis.
Re-analysis again revealed that no variables significantly explained
levels of hatchery introgression in wild brook trout populations
(Table 3; F, 53 = 1.36,p = .27; Rgdj =0.08).

4 | DISCUSSION

Animal populations worldwide are threatened with losses (Burkhead,

2012; Ceballos et al., 2017), and increasingly, supplementation of
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FIGURE 2 Genetic relationships
among brook trout (Salvelinus fontinalis)
populations in Nova Scotia based on 100
microsatellites. (a) Principal coordinate
analysis (PCoA\) of wild brook trout with
each data point (individual) colored by
river system and (b) PCoA with both wild
and hatchery brook trout. (c) Pairwise
genetic divergence (F¢; lower triangle)
and associated significance (p-values;
upper triangle) between all populations
(wild and hatchery). All pairwise Fq; values
are provided in Table S3. Population
names are colored and arranged by river
system from west to east
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FIGURE 3 Results of Bayesian clustering analysis in STRUCTURE for brook trout (Salvelinus fontinalis) sampling locations across Nova
Scotia. STRUCTURE plots show individual assignments to K = 25 genetic clusters, which were determined as the optimal number of K based

on the plateau in mean LnPr(X|K) estimates (see Figure S6)
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captive-bred individuals is being used to help support many species
(Ebenhard, 1995; Naish et al., 2007; Seddon et al., 2007). Salmonid
species represent a heavily propagated group of animals (Araki et
al., 2008; Hilborn, 2007; Lackey et al., 2006) within which the nega-
tive consequences of releasing captive-bred individuals have been
documented in wild populations (Araki & Schmid, 2010; Brannon
2004; Naish et al.,
between hatchery and wild salmonids may present long-lasting
threats to wild populations (Muhlfeld et al., 2017; Naish et al., 2007;

et al.,, 2007). Specifically, genetic interactions

Willoughby & Christie, 2019), and thus, it is important to identify
and monitor such interactions between hatchery fish and local
populations. In Nova Scotia, Canada, brook trout is the primary
sport fish, but recreational catches of brook trout have declined by
approximately 60% in recent decades (Nova Scotia Department of
Agriculture & Fisheries, 2005). To meet angling needs, extensive
hatchery stocking has occurred in the province. Therefore, this
brook trout system provided an opportunity to investigate the

impact of extensive hatchery stocking programs on the genetic
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structure of wild trout populations and investigate factors that in-
fluence hatchery introgression.

In our study, we characterized genetic structure and hatchery
introgression in wild brook trout populations from 12 river systems
across Nova Scotia. We found extensive genetic structure among
wild brook trout populations and limited evidence of hatchery in-
trogression despite decades of stocking efforts. Only one sampling
location, Lake O'Law Brook in the Margaree River, had a substan-
tial proportion of hatchery-derived brook trout, whereas in all other
populations, the levels of hatchery introgression were less than 5%.
Further, the amount of hatchery stocking in a watershed was not sig-
nificantly associated with levels of hatchery introgression, suggest-
ing that extensive stocking efforts have not had substantial genetic
impacts on wild trout populations.

Despite records of over 23 million hatchery brook trout released
in the province in the last four decades, our results suggest that
hatchery fish are not successfully reproducing in the wild. There are
at least three potential explanations for these results. First, stocked
hatchery trout may be successfully harvested after release if hatch-
ery trout are more prone to angling mortality (Garcia-Marin, Sanz,
& Pla, 1999; Hunt, 1979; Mezzera & Largiader, 2001). Behavioral
studies have found that hatchery-reared salmonids can be more

bold and aggressive and exhibit greater risk-taking behavior than

wild conspecifics (Deverill, Adams, & Bean, 1999; Sundstrém et al.,
2004; Swain & Riddell, 1990; Vincent, 1960), which may make them
more susceptible to angling pressure. A second possibility is that
hatchery trout are not surviving in the wild after release, as it is not
uncommon for captive-bred animals to have lower survival in the
wild (Jackson, Schuster, & Arcese, 2016; Rantanen, Buner, Riordan,
Sotherton, & Macdonald, 2010). Lower survival of hatchery rela-
tive to wild trout has been documented under natural conditions
(Danzmann & lhssen, 1995; Flick & Webster, 1964; Miller, Close, &
Kapuscinski, 2004; Miller, 1954) potentially due to reduced forag-
ing ability (Ersbak & Haase, 1983), greater predation risk (Sundstrom
et al., 2004; Vincent, 1960), and lower swimming performance