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Abstract

Context Preservation of genetic diversity is a com-

monly cited, yet under-evaluated aspect of species

conservation plans. Understanding the influence of

human-mediated translocations and habitat constraints

on landscape patterns of genetic structure in threat-

ened fish species is essential to maintaining biodiver-

sity and adaptive potential.

Objectives We evaluated the degree of influence

from supplemental stocking, assessed the spatial

population genetic structure, and examined the poten-

tial relationship between hybridization and ecology

for Brook Trout (Salvelinus fontinalis) in the Black

River watershed in New York State, USA.

Methods We used 13 microsatellite loci from over

450 fish at 18 sampling locations to map genetic

structure and diversity, estimate the level of influence

from stocked conspecifics, and model the relationship

between hybridization and ecological characteristics.

Results We found widespread genetic introgression

attributable to state-based stocking activities and a

pattern of hierarchical genetic diversity across the

landscape, which has additionally been influenced by

geography. Site-specific fish assemblage variables

appear to be unrelated to introgressive hybridization

from stocked conspecifics, and only one hydrochem-

ical variable, SO4
2-, exhibited strong explanatory

power in predicting hybridization between wild and

supplemented fish. A single locality exhibited genetic

structure consistent with no history of introgression

potentially associated with differences in elevation,

and thus contributed disproportionately to the level of

genetic diversity observed across the landscape.

Conclusions When examining genetic structure in

fluvial riverine networks, it is important to consider

the combined and interacting effects of both

hybridization and habitat, which may result in aug-

mented genetic structure not predictable from any

single factor.
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Introduction

Understanding how dendritic riverine ecosystems

relate to gene flow and population structure is critical

to developing management plans that effectively

support or sustain wild-reproducing fish populations.

Demographic differences among distinct or meta-

populations may be affected by myriad factors

including, but not limited to, elevation gradients,

water temperature, water quality, available spawning

habitat, the presence of interspecific competitors,

competition from stocked conspecifics, and both

anthropogenic and natural physical barriers (Fausch

et al. 2002; Helfman 2007; Kelson et al. 2015; Carim

et al. 2016; Pilger et al. 2017). Given the wide range of

habitat variables dictating demographic population

viability in such systems, the introduction or removal

of a single barrier, population, or regional change in

water chemistry may produce a pronounced effect on

the genetic population structure of species inhabiting

such networks (Woods et al. 2010; Pess et al. 2014;

Kelson et al. 2015). A wide range of work has

examined the genetic structure of fish species inhab-

iting dendritic riverine ecosystems (Kanno et al.

2011a, b; Cañedo-Argüelles et al. 2015; Kelson et al.

2015; Reuter et al. 2019), although the influence of

water chemistry and intraspecific interactions, in

addition to landscape features, on the genetic structure

of fish populations inhabiting these networks is still

poorly understood.

Among the fish species most likely to be affected by

shifting habitat regimes in such networks is the Brook

Trout (Salvelinus fontinalis), one of the few salmonid

species native to the Northeastern United States

(Merriam et al. 2017; Howell 2018). The Brook Trout

is both an economically and recreationally important

fish species, with historical importance throughout its

native range. Despite the past and contemporary value

of the species, habitat fragmentation, acid deposition,

land-use changes, and the introduction of non-native

competitors (Bassar et al. 2016; Caputo et al. 2016;

Robinson et al. 2017) have led to large-scale

extirpation of Brook Trout throughout much of its

native range (Hudy et al. 2008).

Many current management plans that focus on

maintaining wild Brook Trout populations rely heav-

ily on sustaining genetic diversity within and among

populations (Timm et al. 2016; Brunson 2017), yet the

level of genetic diversity and concomitant population

structure across many landscapes is still unknown. In

New York State, a long history of supplemental

stocking complicates our current understanding of

genetic diversity in the region (Emery 1985; Daniels

2011). Given the complexities associated with this

history, interactions between wild and captive-bred

fish have potentially altered the natural genetic

structure in these ecosystems. Many studies have

examined the genetic effects of stocking hatchery-

bred fish into wild populations (e.g., Hansen 2002;

Araki and Schmid 2010; Do et al. 2014), but most

Brook Trout work has focused on lake or pond-

dwelling populations (Marie et al. 2010; Harbicht et al.

2014; Létourneau et al. 2018). The effects of inadver-

tent interactions and factors affecting hybridization

between hatchery-reared and wild Brook Trout pop-

ulations in lotic systems have received little attention.

Modern anthropogenic acid deposition began in the

mid-twentieth century, as developed countries greatly

increased their consumption of fossil fuels (Lefhon

et al. 1999). The resulting acidification of surface

waters had a pronounced effect on Brook Trout health

that led to mortality and declines in suitable habitat

across parts of the Northeastern United States (Scho-

field 1977; Baker and Christensen 1991; Baldigo et al.

2019a). In response, regional managers in the Adiron-

dack Park sought to supplement Brook Trout popula-

tions through stocking, utilizing non-local source

strains that were potentially more tolerant to acidifi-

cation than their wild counterparts (Gloss et al. 1989).

Work that has examined survival in these supple-

mented populations produced contrasting results. One

study that subjected hatchery and wild populations to

acidified waters found no difference in survival

between the different strains examined (Simonin

et al. 2000). Several other studies that looked at

comparative survival suggested that certain strains

may be more suited to Adirondack waters than others

(Webster and Flick 1981; Cone and Krueger 1988).

Nevertheless, comparative tolerance to differences in

water chemistry and subsequent acidification remains

unclear.
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Despite the substantial decline of acid deposition in

the Northeastern United States, chemical recovery of

streams has been constrained by slowly responding

soil processes (Lawrence et al. 2016; Baldigo et al.

2019a). Streams continue to experience episodic

acidification events throughout the year as well as

extended periods of acidification during spring

snowmelt (Greaver et al. 2012; Baldigo et al.

2019b). Multiple studies have demonstrated that toxic

soil- and surface-water conditions are linked to acidic

anions and depleted soil base cations that lower pH

and mobilize toxic forms of Al in these systems

(Lawrence et al. 2007, 2011). Given these problematic

conditions, identifying a range of hydrochemical

variables that may affect the genetic structure of

Brook Trout is essential to understanding the differing

responses in survival, population structure and poten-

tial hybridization between wild and stocked

conspecifics.

Introgression, the transfer of genetic information

from one population to another as a result of

hybridization, can play a major role in altering the

genetic constitution of a given population (Crispo

et al. 2011). Past studies that have examined this

phenomenon in wild Brook Trout populations have

demonstrated a role for water chemistry in predicting

the level of introgression from stocked conspecifics,

suggesting hybridization may occur more readily

under poor hydrochemical conditions (Marie et al.

2012; Harbicht et al. 2014). Nevertheless, these and

other studies also suggest that both environmental

variables and stocking intensity play a prominent role

in dictating the level of observed influence as well,

especially in repeatedly stocked waterbodies (Marie

et al. 2010, 2012; Harbicht et al. 2014; Létourneau

et al. 2018). In the present study, any contact between

wild and stocked fish, and subsequent introgression, is

based on proximal stocking activities, as no known

stocking has occurred at the examined sampling

locations. Therefore, two putative hypotheses could

potentially predict the comparative genetic success of

stocked and wild fish in these headwater stream

networks, and their resulting genetic structure. The

first is that unfavorable habitat conditions lead to

higher levels of hybridization, especially given the

slow chemical recovery in the region related to

landscape-level soil processes. The second is that

introgression from stocked trout is more strongly

influenced by geographic features or interspecific

competition affecting the physical ability of stocked

strains to reach and hybridize with the wild trout

populations. Any combination of these two hypothe-

ses is also possible, and we predict, given the complex

nature of such dendritic stream networks, that both

play a role in explaining the level of introgression from

stocked strains.

The ultimate goal of this study was to examine

Brook Trout genetic structure as it relates to the

landscape and ecology of the Black River watershed in

New York State. We used 13 microsatellite loci to

genotype fish collected across 18 sampling locations

in the riverine network to (1) determine the degree and

origin of influence from proximal stocking practices

across sampled locations and individual fish; (2)

examine the spatial population genetic structure

between and within sampled locations across the

watershed; and (3) illuminate the potential relation-

ship between introgression from stocked fish and

ecological characteristics using detailed habitat data

collected at the time of sampling. Our analyses

provide critical information about the landscape

genetic structure of one of the few remaining large-

scale interconnected Brook Trout habitats in New

York State, while also shedding light on the potential

role that chemical variability and intraspecific inter-

actions have on demographic viability and genetic

diversity.

Methods

Study area and sample collection

Sample sites were chosen as part of a broader effort to

assess acidification impacts on water quality and fish

assemblages in the region (Fig. 1). These efforts

focused on evaluating recent water chemistry, toxic-

ity, and quantitative fish data, in order to measure the

past and present effects that acidic deposition has had

on fish assemblages in streams of the western

Adirondack Mountains (Baldigo et al. 2019a).

Pectoral-fin clippings (n = 468) were taken from

Brook Trout across 18 sites in the Black River

drainage in the summer of 2014 and 2015 and stored

in 95% ethanol. Fish were sampled from seine-

blocked, 50–100 m reaches on three or four successive

passes with a backpack electrofisher unit and two or

three fish netters. The length and weight of each
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individual fish were recorded and these data are

available in a U.S. Geological Survey (USGS) data

release (George and Baldigo 2018). The number of

fish from each pass was used to estimate population

sizes with 95% confidence intervals for each fish

species using the Moran–Zippin method of propor-

tional reduction (Zippin 1958) and Microfish software

(Van Deventer and Platts 1985). Total fish density

(number of fish/1000 m2) and biomass (grams of fish/

1000 m2) for communities at each site were deter-

mined by dividing the estimated number or biomass of

all fish by the surface area of the sampled reach. None

of the sample sites are known stocking sites, therefore

any introgression observed is assumed to be from fish

that have moved in from proximal locations.

Water samples were collected at each sample site

and were analyzed for pH, acid-neutralizing capacity

(ANC), sulfate (SO4
2-), nitrate (NO3

-), chloride

(Cl-), calcium (Ca2?), magnesium (Mg2?), sodium

(Na?), silica (Si), potassium (K?), dissolved organic

carbon (DOC), total Al (Alt), total monomeric Al

(Altm), and organic monomeric Al (Alom) at the

USGS Soil and Low-Ionic-Strength Water Quality

Laboratory in Troy, New York. Concentrations of

inorganic monomeric Al (Alim) were calculated as the

difference between Altm and Alom concentrations.

USGS standard operating procedures for these anal-

yses are available at ScienceBase (https://www.

sciencebase.gov/catalog/item/55ca2fd6e4b08400b1fd

b88f). All water quality data can be accessed through

the USGS National Water Information System

(NWIS) database (U.S. Geological Survey 2018).

Seven reference populations were also included in

this study, acquired between 2015 and 2016 from

state-administered hatcheries (N = 214; Bruce and

Wright 2018). These populations are captively bred

for supplementation purposes by the New York State

Department of Environmental Conservation (NYS-

DEC) and have been stocked in the region on a

conditional basis since 1980 (Keller 1979). These

seven strains include three native Adirondack ‘her-

itage’ strains (Little Tupper, Horn, and Windfall;

Keller 1979; Demong 2001), a domesticated hatchery

strain (with ambiguous origins), a non-native ‘Temis-

camie’ strain derived from the Temiscamie River in

Quebec, Canada, and two hybrid strains–the

N

New York State, USA

7.5 0 7.5 15 22.5 30 km

Site 28018

Buck Creek

Seventh Lake 
Inlet

Black Bear 
Mtn Brook

Windfall
Pond Outlet

Moss Lake Inlet

Fly Pond Outlet
Site 23003

Birch CreekSite 22004

Site 22017

Site 21013

Site 21005

Site 29008

Site 29012

Site 30003

Site 35008

Site 31007

Fig. 1 Map of New York State with inset of study area.

Sampling locations are labeled with black dots and represent the

geographic center of dispersed sampling. River and stream

networks from the U.S. Geological Survey National Hydrology

Dataset (https://www.usgs.gov/core-science-systems/ngp/

national-hydrography) are demarcated in grey while waterway

routes between sampling sites are marked in black. Each dot

under the site IDs represent an individual as determined using

the Colorplot function carried out with the ADESPATIAL

package. Fish colors correspond to a combination of the 3

principal components, assigned to RGB (Red, Green, Blue)

channels. Colors that are more similar represent individuals that

are more similar, while colors that are less similar represent

individuals that are less similar. (Color figure online)
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Temiscamie/Domestic F1 hybrid strain and the Wind-

fall/Domestic F1 hybrid strain, both of which are

propagated on a yearly basis in a hatchery setting

(Keller 1979; Perkins et al. 1993). Information about

stocking intensity in the watershed for years in which

data are available is presented in Supplemental 1, and

was provided by the NYSDEC. The purebred ‘Temis-

camie’ strain included in the analysis is propagated

solely for the production of its subsequent hybrid

offspring and is not stocked in the study region. The

inclusion of genetic material from these seven strains

was critical to (1) identify introgression of supple-

mented genes in wild fish and (2) determine which

supplemented strains have introgressed most success-

fully with wild fish. The latter point has management

implications for intentionally stocking strains that are

more or less likely to spawn successfully with wild

fish, depending on management objectives.

DNA extraction and genotyping

All DNA extractions and quantifications for this study

were carried out at the New York State Museum in

Albany, NY. DNA for each fish was extracted

following the tissue protocol included with the

QIAGENDNeasy tissue kit (QIAGEN, Inc., Valencia,

California). Thirteen autosomal microsatellite loci

were genotyped using the same procedures for all

individuals. Polymerase Chain Reaction (PCR) was

used to amplify loci using primer pairs created

specifically for Brook Trout (SfoB52, SfoC24, SfoC28,

SfoC38, SfoC79, SfoC86, SfoC88, SfoC113, SfoC115,

SfoC129, SfoD75, SfoD91, SfoD100; King et al. 2012).

The forward primers were fluorescently labeled with

HEX, FAM, or NED dye for downstream electro-

pherogram analysis. PCR-related methods resulted in

five 20-ll multiplex PCR reactions and one single

20-ll PCR reaction for each individual. PCR ampli-

fication was carried out in the Research & Collections

Molecular Laboratory at the New York State Museum

using two Bio-Rad T100 thermal cyclers. Fragment

analysis using an internal size standard (Liz600,

Applied Biosystems) was performed at the University

at Albany Center for Functional Genomics using an

Applied BioSystems 3730XL DNA Analyzer. The

automated scoring of genotypes was carried out using

the Geneious 4.0 (Biomatters Ltd.) software package.

All automated genotype calls were confirmed visually.

Summary statistics and diversity indices

Outlier tests of neutrality were carried out using the

LOSITANworkbench (Antao et al. 2008) across all 13

microsatellite loci. An initial simulation was run to

remove potentially non-neutral loci before computing

the genomic mean FST, and a bisection algorithm was

executed over repeated simulations to calculate a

desired FST. Each sampling location was treated as a

population under a stepwise mutation model, assum-

ing drift and migration. One million simulations were

run, applying 0.995 confidence intervals. All sampling

locations were also subjected to exact tests of Hardy–

Weinberg equilibrium (Guo and Thompson 1992)

carried out using the ARLEQUIN 3.5 software

package (Excoffier and Lischer 2010), and deviations

were tested against 1,000,000 random permutations of

the data. The log-likelihood ratio test was imple-

mented in the program GENEPOP (Rousset 2008) to

test for potentially linked loci, across all loci, at all

sampling locations.

Summary statistics, including observed (HO) and

expected (HE) heterozygosity, were calculated using

the ARLEQUIN 3.5 software package. Inbreeding

coefficients (FIS; Weir and Cockerham 1984) were

also calculated using GENEPOP, with allelic richness

(A) being calculated using the FSTAT 2.9.3.2 software

package (Goudet 1995). Effective population sizes

(Ne) with 95% parametric confidence intervals were

estimated using NeEstimator V2.01 employing the

linkage disequilibrium method assuming the loci

under consideration are selectively neutral, the pop-

ulations are closed, generations are discrete, and freely

recombining (Do et al. 2014).

Estimating introgression from stocked fish

Genetic structure analysis to estimate the influence of

stocked fish across sampling locations was carried out

using the program STRUCTURE version 2.3.4

(Pritchard et al. 2000; Marie et al. 2011). First, each

sampled location was run individually with the seven

strains bred for supplementation and used since 1980

for stocking in the Adirondack Park by the NYSDEC.

This was done to ensure admixture estimates, that is,

ancestry observed from distantly-related individuals,

attributed to stocked fish were as accurate as possible

given that past work has demonstrated that running a

large number of populations of unequal sample size
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has the potential to produce biased results (Puech-

maille 2016; Wang 2017). Model parameters included

a burn-in step of 250,000 iterations followed by

500,000 Markov Chain Monte Carlo (MCMC) itera-

tions, using an admixture model with 10 independent

runs for each K-value. The initial alpha value was set

to 0.17 (ALPHA = 1/putative K), assuming uncorre-

lated allele frequencies (Wang 2017).

Runs were examined for potential K-values 4-8

given that two of the seven stocked strains are F1

hybrid offspring. This allowed for testing of four

possible scenarios: (1) that the genotypes of a sampled

location corresponded entirely to the stocked strains

(K = 5); (2) that the genotypes of a sampled location

are admixed and only partially correspond to stocked

strains (K = 6); (3) that the genotypes of a sampled

location do not correspond to any of the strains used

for stocking (K = 6); or (4) any of scenarios 1–3, with

additional sub-structuring within the sampled location

(K C 7). The software program, CLUMPPAK

(Kopelman et al. 2015), was then used to combine

admixture results (Q-values) from independent runs,

and STRUCTURE HARVESTER (Earl 2012) was

used to calculate the best-supported K-value deter-

mined by the mean likelihood Ln(K) method (Pritch-

ard et al. 2000; Wang 2017).

Spatial genetic structure in the Black River

watershed

Average pairwise allelic differences within and

between sampling locations, as well as Nei’s genetic

distance (D), were calculated using the ARLEQUIN

software package. Pairwise FST tests (Hardy–Wein-

berg Equilibrium not assumed) were also carried out

applyingWeir and Cockerham’s unbiased estimator of

FST (theta) using FSTAT 2.9.3.2. The resulting FST

matrix was then used to test for trends of isolation by

distance and isolation by latitude by plotting pairwise

FST values against both waterway distance and latitu-

dinal differences.

We also used STRUCTURE analyses to elucidate

genetic structure within and among sampling loca-

tions. All model parameters were the same as

described above, and all 18 sampled locations were

run simultaneously. The initial alpha value was set to

0.06 (ALPHA = 1/putative K), and runs were exam-

ined for K-values 1–21 to determine the potential level

of population structure across the entirety of the

sampled range. When determining K for this dataset

an additional method for examining potential hierar-

chical genetic structure, the DK measure, was also

implemented (Evanno et al. 2005).

In addition to STRUCTURE analysis, the R

statistical software package ADEGENET (Jombart

2008) was used to perform a classical principal

component analysis (PCA) to summarize the genetic

diversity across all wild-collected individuals. A

spatial analysis of principal components (sPCA) was

also performed as a complement to the PCA to identify

any potentially significant spatial genetic patterns

across the sampled area using the ADESPATIAL

package (Jombart et al. 2008; Jombart 2015). The

sPCA produces scores summarizing the genetic vari-

ability in addition to the spatial structure among

individuals, allowing global structures (patches, cli-

nes, and intermediates) to be disentangled from local

ones (strong genetic differences between neighbors),

as well as from random noise. The ‘‘colorplot’’

function was then used to map the principal compo-

nents onto geographic space (Jombart et al. 2008;

Jombart 2015).

Modeling relationships between habitat

and admixture attributed to stocked fish

To test putative ecological factors affecting the mean

level of introgression from currently stocked strains

across sampled locations, the relationship between

mean Q-membership values (individual level admix-

ture at each sample site) attributed to stocked strains

and ecological variables collected during the time of

sampling were split into three groups: (1) models

including water chemistry variables, (2) models

including environmental variables, and (3) models

including fish assemblage variables. Ecological vari-

ables collected on-site during the time of sampling are

reported in Table 1, and detailed measurements

related to water chemistry are reported in Supplemen-

tary 2. The R package BETAREG (Zeileis et al. 2016)

was first used to model the relationship between

introgression and each individual habitat variable, for

each group described above, to identify candidate

variables for further investigation and to avoid over-

fitting given the limited number of sampling locations

examined (N = 18). Beta regression is commonly used

to model variables that assume values in the standard

unit interval (0, 1), appropriate for the admixture
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coefficients calculated using the program STRUC-

TURE. This approach naturally integrates features

such as heteroscedasticity or skewness, which are

regularly observed in data of this form, such as rates or

proportions (Zeileis et al. 2016). Variables were

ranked by their second-order Akaike information

criterion (AICc) scores and considered candidates

for further investigation if models produced AICc

scores 2 units lower than that of the null model

(Akaike 1976).

After identifying relevant explanatory variables at

the group level, Pearson correlations were carried out

using the IBM SPSS Statistics version 21.0.0.0 (IBM

Corporation) software package to identify candidate

variables amongst the groups that were significantly

correlated (p value\ 0.05), for the purpose of elim-

inating potential models that included multi-collinear-

ity. Models were then built to incorporate every

possible combination of candidate variables across all

groups, and were again ranked based on AICc scores.

The results of the previous spatial genetic structure

analysis suggested that Site 29008 was potentially

isolated from the river system, possibly due to the

presence of a physical barrier. This site was therefore

excluded from a second beta-regression analysis,

assuming stocked fish in the system would not be

physically able to access this area.

Results

Summary statistics and diversity indices

Outlier tests produced by the program LOSITAN

determined all loci to be in the range of selective

neutrality (Supplementary 3). All wild-sampled pop-

ulations were determined to be in Hardy–Weinberg

equilibrium following Mantel tests carried out using

Arlequin (sequential Bonferroni correction of

a = 0.05; initial nominal p value e = 0.0002). Pair-

wise tests for linkage disequilibrium across all sam-

pling locations identified only 12 instances of

potentially linked loci out of 1404 pairwise compar-

isons (sequential Bonferroni correction of a = 0.05;

initial nominal p value e = 0.00004; Supplementary

4).

There was little variation in the level of gene

diversity as measured by expected heterozygosity,

with HE averaging 0.656 across sample sites (range

0.562– 0.725; Table 2). Measures of allelic richness

(A) generally showed more variation than expected

heterozygosity, with an average of 5.00 alleles across

all sampling locations (range 3.18–6.24; Table 2).

Wright’s inbreeding coefficient (FIS) calculated across

all samples showed only minor variation relative to

each other. No sample site exhibited a heterozygote

excess indicating outbreeding, although three sam-

pling locations exhibited deficiencies, potentially

Table 1 Ecological variables potentially related to stocked admixture (Q-membership) initially tested using independent beta-

regression models

Water chemistry Environmental parameters Fish assemblage data

Ca2? Elevation (m) Community richness

Cl- Sample area (m2) Community density (fish/10,000 m2)

NO3
- Drainage area (km2) Community biomass (grams/1000 m2)

K? Species density (fish/1000 m2)

Si Species biomass (grams/1000 m2)

Na? Shannon-Weiner diversity

SO4
2- Presence/absence of additional species

Alim

pH

DOC

ANC

All measurements for dissolved ions are reported in lmol/L with the exception of pH and ANC (leq/L)

DOC dissolved organic carbon, ANC acid neutralizing capacity, Alim inorganic monomeric Al
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indicating inbreeding: Site 21005, Fly Pond Outlet,

and Site 31007. Estimates of effective population size

across locations varied widely, and many locations

produced estimates with an infinite upper confidence

interval. Effective population size (Ne) averaged 72.29

across all locations (range 7.1–432.6; Table 2). Site

29008 exhibited the lowest level of expected heterozy-

gosity in the study (HE = 0.562), the lowest level of

allelic richness (A = 3.18), and the lowest effective

population size estimate (Ne = 7.1), demonstrating

comparatively lowwithin-population genetic diversity

compared to its neighbors.

Introgression from stocked fish across sampling

locations

Visualizations of the STRUCTURE analysis per-

formed across all wild-collected individuals with

strains used for supplemental stocking are presented

in Fig. 2. When examining each sampling location

(Fig. 2b), admixture proportions and ancestry attribu-

tions varied widely between sampled sites, with mean

admixture (Q-membership values) attributed to

stocked strains varying anywhere from 0.00–0.51.

Out of the 18 locations examined, none of the

sampling locations showed admixture proportions

consistent with complete replacement by stocked

strains. Some populations, such as Birch Creek and

Site 22017, displayed substantial ancestry associated

with stocked fish across all samples collected (mean

Q-membership 0.51 and 0.47, respectively), whereas

other sampling locations such as Moss Lake Inlet and

Fly Pond Outlet had four and two individuals,

respectively, whose ancestry was primarily attributed

to stocked strains (individual Q-membership[ 0.70).

Many of the other populations displayed ancestry

associated with stocked strains in comparatively small

or trace amounts (mean Q-membership ranging from

0.01–0.44). Only one population, Site 29008,

appeared to be virtually devoid of ancestry related to

Table 2 Sample sizes and summary statistics for each study site

Sampling location NWIS station ID N HE HO A FIS Ne

Site 22004 435032075000901 31 0.665 0.683 5.36 - 0.0290 91.1 (48.3–407.2)

Birch Creek 0425648905 29 0.671 0.674 5.46 - 0.0037 49.3 (32.6–89.3)

Site 22017 435139075082201 14 0.695 0.689 3.93 0.0102 158.5 (30.9–?)

Site 21013 434915075190901 30 0.725 0.686 5.80 0.0540 82.5 (47.9–229.2)

Site 21005 434739075191601 22 0.652 0.591 5.15 0.0959* 33.1 (21.2–63.5)

Seventh Lake Inlet 04253291 27 0.681 0.689 5.70 - 0.0131 35.0 (24.5–55.8)

Buck Creek 04253296 19 0.615 0.623 3.80 - 0.0145 6.3 (3.3–9.8)

Black Bear Mtn Brook 434550074473501 28 0.666 0.627 4.56 0.0592 15.1 (11.3–20.6)

Moss Lake Inlet 04253715 29 0.614 0.567 4.73 0.0789 7.1 (5.5–9.0)

Windfall Pond Outlet 434813074505701 22 0.656 0.629 4.23 0.0427 17.4 (12.0–27.3)

Fly Pond Outlet 04253775 30 0.563 0.523 4.19 0.0722* 11.4 (8.6–15.3)

Site 23003 434547074582101 26 0.670 0.666 4.95 0.0061 26.7 (18.6–41.9)

Site 28018 434105074393501 30 0.709 0.714 6.08 - 0.0084 432.6 (103.2–?)

Site 29008 433613075184301 22 0.562 0.525 3.18 0.0685 7.6 (4.0–12.7)

Site 29012 433324075165001 19 0.647 0.624 5.13 0.0372 102.8 (38.6–?)

Site 30003 433117075073501 26 0.711 0.720 6.24 - 0.0124 158.2 (66.5–?)

Site 35008 432806075033501 34 0.597 0.591 5.23 0.0118 41.6 (30.2–62.1)

Site 31007 433130074555201 30 0.702 0.641 4.90 0.0887* 25.0 (18.4–36.2)

N Number of specimens, HE Mean expected heterozygosity, HO Mean observed heterozygosity, A Mean allelic richness (based on a

minimum sample size of 14 individuals), FIS Wright’s inbreeding coefficient, Ne = Effective population size estimates, with 95%

confidence intervals. NWIS USGS National Water Information System (NWIS) where water chemistry data can be obtained at (U.S.

Geological Survey 2018)

*Significant heterozygote excess/deficit after sequential Bonferroni correction (p value B 0.002)
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stocked fish (mean Q-membership 0.00). No sub-

structuring was observed across any of the sampled

locations.

Spatial genetic structure across sampled locations

Pairwise allelic differences and Nei’s genetic distance

measures are reported in Fig. 3. Nei’s distance mea-

sures ranged from 0.5 to 1.5 for the majority of

sampled locations with the exception of Site 29008,

which showed substantially elevated distance mea-

sures compared to all other sampled locations, ranging

from 2.0 to 2.5. Site 35008 also exhibited compara-

tively higher distance measures in several instances,

including comparisons between Buck Creek, Fly Pond

Outlet, and Site 22017. Average within population

allelic differences were relatively similar across all

sampled locations, with values ranging from 7.5 to 9,

range with the exception of Site 29008, which was the

only population that exhibited within population

differences closer to 6.5. Site 29008 also exhibited

the highest average between population allelic differ-

ences, while all other sites varied on a pairwise basis.

Pairwise FST values for all sampling locations were

determined to be statistically significant (sequential

Bonferroni correction of a = 0.05; initial nominal

p value e = 0.00327; Supplementary 5), and largely

mirror Nei’s distance measures (D) reported in Fig. 3.

Site 29008 exhibited the highest mean pairwise FST

comparisons by a substantial margin (mean FST-

= 0.235) against all other populations included in

the study, followed distantly by Site 35008 (mean

FST = 0.151), while the lowest overall pairwise com-

parisons were from Birch Creek (mean FST = 0.097).

Pairwise FST values plotted against waterway distance

and latitudinal distance between sampling locations

produced a significant but weak trend for both,

suggesting a role for physical isolation based on

geography across the watershed (Fig. 4).

STRUCTURE analysis performed across the entire

wild-collected sample set is presented in Fig. 5. The

DK measure used to determine the uppermost level of

hierarchical structure suggested two populations

across wild-collected individuals (K = 2), while the

average mean likelihood Ln(K) values for all sampled

locations suggested somewhere between 10 and 14

populations (Supplementary 6). In both STRUCTURE

plots, considerable admixture is exhibited across all

sampling locations with the exception of Site 29008.

Despite the high level of admixture exhibited across

most sampling locations, some populations do exhibit

genetic structure based on proximity in the K = 14

STRUCTURE plot (Fig. 5). For example, Site 22004,

Birch Creek, and Site 22017 share a large portion of

ancestry demarcated as purple, whereas Site 21013

and Site 21005 also share a large portion of ancestry

Domestic Temiscamie Domestic / 
Temiscamie F1
hybrid

Windfall L. Tupper Horn

Site 22004 Birch Creek Site
22017

Site 21013 Site 21005 Seventh Lake 
Inlet

Buck Creek Black Bear Mtn
Brook

Fly Pond Outlet Site 23003 Site 28018 Site 29008 Site 29012 Site 30003

Moss Lake 
Inlet

Windfall Pond
Outlet

(a)

(b)

Site 35008 Site 31007

Domestic / 
Windfall F1
hybrid

Fig. 2 STRUCTURE bar plots for stocked strains (a), and all

wild sampled locations examined in this study (b). All sampled

locations were determined to include some portion of wild

ancestry for which reference samples were not available,

colored in grey. The best supported K value for all sampled

locations was 6, as determined by the average mean likelihood

Ln(K) value. Each vertical line in the STRUCTURE plot

represents an individual fish, and colors represent their inferred

ancestry from K populations
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demarcated as red. The majority of other sampling

locations possess some level of ancestry unique unto

themselves, and some level of admixture attributed to

other sampling locations, suggesting a genetic cline

Average number of pairwise differences
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Fig. 3 Heat map of Nei’s

pairwise distance measures

(D; below the diagonal) as

well as average within

(along the diagonal), and

between (above the

diagonal) allelic differences

for all sampling locations

examined in the study,

calculated with ARLEQIUN

0.1

0.2

0.3

0.4

40200
Waterway distance (km)

0.0 0.1 0.2 0.3 0.4

F ST
/1
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- F
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0.1
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0.3

0.4
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(a) (b)

Fig. 4 Isolation-by-distance plot showing results of a Mantel

test performed to identify correlation between genetic differen-

tiation and water-way distance between sampling locations (a),
and latitudinal differences (b). Though weak, a positive

correlation was found to be statistically significant for both

(p = 0.014, R2 = 0.0392 and p = 0.005, R2 = 0.0510, respec-

tively). Comparisons that include the highly differentiated site

29008 are colored in red
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across the landscape rather than distinct, physically

separated populations.

Results of the classical PCA largely mirror those

produced by STRUCTURE (Supplementary 7).

Results of the sPCA provide additional information

regarding the level of diversity exhibited across the

landscape (Fig. 1), elucidating both between and

within population differences throughout sampling

locations. Again, Site 29008 is strongly differentiated

from the rest of the sites sampled in this study,

although differences within this population are com-

paratively less pronounced. This makes sense when

looking at the STRUCTURE plot of 29008 showing

little outside introgression, and is consistent with the

heightened level of between-population differences as

well as the extremely low level of within-population

differences exhibited in Fig. 3. Sampled locations in

the northeast portion of the watershed exhibit patterns

suggesting genetic similarity between sampling loca-

tions, but also indicating some amount of within

location diversity. Site 35008 and Site 30003 exhibit

patterns of genetic structure that are more pronounced

at the location level than between individuals from

these sites. Several sites, such as Buck Creek and Site

31007, exhibit comparatively heightened levels of

within location diversity, in contrast to the other

locations examined.

Predictive models explaining introgression

Results of the initial beta-regression analysis at the

group level produced four candidate variables to be

incorporated into further modeling, three water chem-

istry variables (SO4
2-, DOC, and Si) and one

environmental variable (Elevation). Initial Pearson

correlations used to identify potential instances of

multi-collinearity between the four candidate vari-

ables identified no significant relationships. Combi-

nations of the candidate variables identified eleven

potential models with AICc scores 2 units lower than
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Fig. 5 STRUCTURE bar plots for all wild collected fish

examined in the study. The DK measure used to determine the

uppermost level of hierarchal structure suggest two populations

(K = 2), while the average mean likelihood Ln(K) values for all

sampled locations suggested 10–14 (K = 10–14; Supplemen-

tary 3). Each vertical line in the STRUCTURE plots represents

an individual fish, and colors represent their inferred ancestry

from K populations
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that of the null model (Table 3). Duplicate analyses

excluding Site 29008 identified three of the same

candidate variables. Combinations of these variables

resulted in only four potential models with AICc

scores 2 units lower than that of the null model

(Table 3). Ranked beta-regression models, resulting

p values, and adjusted R2 values are reported in

Table 3. The model-predicted level of admixture for

each sampling location was then plotted against the

observed level of admixture for each sampling loca-

tion for the two best models (both including and

excluding Site 29008; Fig. 6). The best predictive

model to explain admixture associated with stocked

fish across sampling locations was the measure of

SO4
2- alone, exhibiting a negative correlation with

introgression (as SO4
2- increased, introgression

decreased), with AICc scores of 31.52 (including site

29008) and - 25.94 (excluding site 29008). All other

variables fell 2 Di units outside of the best-fitted model

and were therefore considered less plausible (Akaike

1976).

Discussion

Results of the present study indicate that Brook Trout

genetic structure in the Black River watershed is

influenced by both habitat connectivity, in terms of

waterway and latitudinal distance, and supplemental

stocking. Furthermore, comparative differences in

genetic diversity were evident across the landscape,

with genetic variation exhibited at both the individual

and at the sample-location level. Additionally, we find

that aspects of water chemistry, most notably sulfate

(SO4
2-), may play an important role in determining

the likelihood of introgressive hybridization from

stocked conspecifics in dendritic river systems. These

findings offer insights into how supplemental stocking

practices affect the genetic structure of wild riverine

fish, and may act as a guide for other researchers

looking to further explore evolutionary processes

related to hybridization across aquatic landscapes.

The lack of complete genetic swamping from

stocked conspecifics at all sites suggests that wild

strains may possess favorable behavioral or pheno-

typic traits, providing comparatively superior survival

abilities in these systems. Nevertheless, there is no

documented stocking history for any of the sampling

sites, which suggests that the location or temporal

intensity of proximal stocking may play an important

role in the level of observed introgression. When

observing the level of admixture from stocked fish

across sampling locations, it appears that none of the

sampled locations exhibited complete genetic replace-

ment by stocked conspecifics, even though some had a

substantial portion of ancestry associated with stocked

strains. This offers some support for previous work

suggesting that native species may possess local

adaptations making them better suited for survival

than stocked conspecifics, or those that have

Table 3 Ranked beta

regression models

explaining the level of

introgression (Q-

membership) attributed to

stocked fish across all

sampling locations

(including and excluding

outlier 29008)

Models are ranked based on

AICc score. Di corresponds
to the AICc delta and

models within 2 Di units of

the best-fitted model

(Di = 0.00) are the most

plausible. Wi is the AICc

weight of each model

Explanatory variables AICc Di Wi p R2

All SO4
2- - 31.52 0 0.53 \ 0.0001 0.62

SO4
2- ? elevation - 29.08 2.43 0.16 \ 0.0001 0.64

Cl- ? SO4
2- - 28.76 2.75 0.13 \ 0.0001 0.61

DOC ? SO4
2- - 28.16 3.36 0.1 \ 0.0001 0.62

SO4
2- ? elevation ? Cl- - 25.37 6.15 0.02 \ 0.0001 0.63

SO4
2- ? elevation ? DOC - 25.16 6.36 0.02 \ 0.0001 0.64

SO4
2- ? DOC ? Cl- - 24.88 6.64 0.02 \ 0.0001 0.61

DOC - 21.58 9.93 0 0.0182 0.31

SO4
2- ? elevation ? Cl- ? SO4

2- - 20.73 10.78 0 \ 0.0001 0.63

Elevation ? DOC - 20.64 10.88 0 0.0026 0.42

Cl- ? DOC - 19.57 11.95 0 0.0077 0.34

No 29008 SO4
2- - 25.94 0 0.66 0.0003 0.58

Si ? SO4
2- - 23.27 2.67 0.17 0.0002 0.60

DOC ? SO4
2- - 22.5 3.44 0.12 0.0003 0.58

DOC ? SO4
2- ? Si - 19.16 6.77 0.02 0.0002 0.60
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hybridized with stocked conspecifics in their native

range (Edmands 2007; Allendorf et al. 2010). Low

levels of admixture from stocked fish were still

apparent in most cases. Whether this admixture was

a function of the proximity to, or proportion of stocked

to wild fish at any given site is unknown, however.

Unfortunately, long-term detailed historical stock-

ing records from both public and private hatcheries for

this area are largely unavailable, whichmakes defining

the degree of influence from stocking activities

problematic. Given that almost every sampling loca-

tion exhibited some level of ancestry associated with

stocked strains, it is quite possible that the ratio of

stocked to wild fish at any proximal sampling location

may be dictating the degree of hybridization observed.

Spawning preference as it relates to mate choice based

on genetic origin has also been cited as a potential

factor influencing the degree of hybridization (Weaver

and Kwak 2013; Kazyak et al. 2018). Ultimately, the

factors leading to the degree of introgressive

hybridization in this watershed are likely complex

and multifaceted, making an ultimate determination as

to what factors influence intraspecific reproduction

challenging.

When assessing the comparative contribution from

the strains used for supplementation in the region,

results suggest that stocking practices, in terms of the

duration of stocking activity and comparative number

of fish stocked, may play a vital role in dictating the

level of admixture observed. This trend has been

similarly reported in other studies (Marie et al. 2010;

Lamaze et al. 2012; Létourneau et al. 2018). The vast

majority of admixture from stocked conspecifics is

attributed to the Temiscamie and Domestic strains.

The Temiscamie/Domestic F1 hybrid strain is the

primary strain used for supplementation in the Black

River watershed by a large margin, followed by the

pure-bred Domestic strain. Despite the overwhelming

contribution attributed to these two strains, several

sampled locations also showed minimal levels of
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Fig. 6 Mean admixture (Q-membership) attributed to stocked

fish exhibited at sampled locations as a function of the mean

admixture attributed to stocked fish predicted by the two best-

fitted beta regression models; for a all sites examined in the

study, and b excluding Site 29008. Significance (p values and R2

values) is reported in Table 3
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ancestry attributed to the Little Tupper strain, the third

most intensely stocked strain in the Black River

watershed. These findings are consistent with those of

other studies examining the influence of stocked

strains in the Adirondack Park (Bruce and Wright

2018). This has clear ramifications for management

and conservation concerns as it directly relates to

survival and reproduction. If the goal from a manage-

ment standpoint is to increase wild reproduction

through hybridization, stocking specific strains in high

numbers over long periods of time may be the most

beneficial in terms of return. Alternatively, if the goal

is to provide angling opportunity while minimizing the

genetic impact on wild-reproducing populations,

stocking a limited number of fish sporadically on a

site-by-site basis may prove more beneficial.

The results presented in this study also suggest that

geography plays a role in dictating landscape-level

genetic structure in this watershed. When examining

the genetic structure of wild-collected fish, our results

demonstrate high levels of admixture between the

majority of sampling locations, with Site 29008 being

the exception. The STRUCTURE analysis demon-

strated some level of genetic structure based on the

proximity of sampling locations to each other, and the

classical PCA complemented these results, reinforcing

Site 29008’s strikingly distinct genetic structure. In

both analyses, the genetic structure across the rest of

the watershed is somewhat consistent, although as

geographic distance between sampling locations

increases, so does the level of differentiation in some

cases. Mean FST values indicate Brook Trout popula-

tions from all sampling locations possess a similar

degree of pairwise differentiation, with the exception

of Site 29008, which exhibited substantially higher

measures of genetic differentiation (FST and D). These

results are a strong indication that this population may

be separated from the rest of the watershed by a

physical barrier, restricting upstream gene flow. All

pairwise FST values were determined to be statistically

significant, suggesting that landscape-level differ-

ences in genetic structure are present between all

sites. A weak but significant trend for both isolation by

distance and isolation by latitudinal difference offers

support for some level of geographic isolation across

the watershed for all populations, with comparisons

including Site 29008 acting as outliers in these

analyses.

By incorporating the most recent methods of spatial

genetic analyses, high-resolution diversity mapping

can help to inform management strategies focused on

the preservation of unique genetic diversity on mul-

tiple geographic and hierarchal levels, while also

aiding in the identification of potential barriers to gene

flow. Results of the sPCA compliment both the

STRUCTURE analysis and classical PCA results,

leading to a high-resolution diversity map of individ-

ual and between-population differentiation at the

landscape level. Again, Site 29008 is shown to be

unique compared to all other sampling locations,

although within-population diversity is less pro-

nounced. Within-population diversity varies widely

across all other sampling locations, however, and

genetic variation across the landscape is subtler. The

sPCA method used here illuminates the utility of

examining genetic diversity at several hierarchical

levels across a sampled range.

When looking at the comparative diversity indices

(He and A), one might consider Site 29008 to be of

little conservation value, given its comparatively low

diversity measures but, when viewed in the context of

the entire watershed, it makes one of the single largest

contributions to the overall genetic diversity observed

across the sampled range. The location of Site 29008,

in the upper reaches of a small watershed that flows

2.8 km through extensive wetlands, and drops 75 m

into the lower reaches of the Moose River, suggests

that physical isolation may be responsible for the

population’s unique genetic makeup. This is consis-

tent with past studies that have examined Brook Trout

genetic structure in the context of habitat connectivity

and fragmentation (Whiteley et al. 2013; Kanno et al.

2014). Beta-regression models that include site 29008

support this hypothesis, as the second strongest model

includes elevation (in addition to SO4
2-), suggesting

that it is the second strongest overall predictor of the

level of introgression observed, whereas elevation is

dropped from potential models when Site 29008 is

removed. In the case of Site 29008, managers might

seek to preserve the unique genetic structure of this

population given its level of contribution to the overall

genetic diversity in the watershed, and lack of

introgression from stocked fish. This population also

possesses comparatively low genetic diversity and

effective population size estimates; therefore, it may

benefit from long term monitoring to ensure that

population viability does not stagnate, leading to
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extirpation as habitat in the region becomes increas-

ingly degraded.

The significant relationship between the proportion

of admixture attributed to stocked fish and SO4
2-

concentrations suggest that present-day (or prior)

variations in stream/site acidity may have influenced

stocking decisions and/or the reproductive viability of

stocked trout. None of the fish assemblage variables

were significantly linked to the proportion of admix-

ture attributed to stocked fish across sample sites.

These findings are consistent with previous work that

also identified variables contributing to the level of

observed admixture from stocked Brook Trout in lakes

and ponds, most notably pH (Marie et al. 2012;

Harbicht et al. 2014). In this previous work, the level

of introgression from stocked fish exhibited a negative

relationship with pH measures, suggesting hybridiza-

tion occurred more readily as water quality declined,

which is in contrast to the findings presented here. The

overall strongest predictor model of admixture from

stocked fish was that including only SO4
2-. Given that

this relationship was negative, one might postulate that

(1) former NYSDEC stocking efforts may have

focused more on the marginal or good (neutral or

moderately acidic streams or adjacent lakes with lower

sulfate levels) than the highly acidic streams and/or (2)

that native Brook Trout in this region have sustained

their populations in strongly acidic streams more

successfully than stocked conspecifics. The second

most significant factor in the models excluding Site

29008 was Silica. Silica is an indicator of groundwater

inputs, which may serve as a proxy for available

spawning habitat (Schofield 1993; Josephson et al.

2019). This relationship was also negative, in that a

decrease in the level of Silica was consistent with an

increase in the level of observed introgression. This

suggests that wild populations with poor or limited

spawning habitat may be more likely to hybridize with

stocked fish immigrating from other areas.

Although the preservation of genetic diversity is a

critical component to conservation planning through-

out the world (Keller et al. 2015; Wright et al. 2015;

Western 2018), the genetic diversity of many species

and populations remains unknown. Studies utilizing

the tools and techniques presented here offer insight

into how documenting genetic diversity at the land-

scape level can answer complex questions related to

conservation, habitat fragmentation, and the effects of

supplemental stocking, especially as the cost of

implementing current genetic techniques for such

analyses continues to decrease (Shafer et al. 2015;

Garner et al. 2016). As wild-reproducing Brook Trout

(and other economically important cold-water fishes)

continue to experience stress related to physical,

chemical, and thermal habitat degradation, careful

consideration should be given to the ways in which

stocked fish may be affecting the genetic integrity of

wild populations. The elements influencing the level

of ancestry associated with stocked fish across

dendritic networks, chemical or otherwise, are likely

numerous, and their importance is difficult to rank

definitively, given the lack of historical stocking

records in many cases. Our findings suggest that

additional investigations of the relationships between

introgressive hybridization and water quality charac-

ters in this watershed and elsewhere may be warranted.

Such studies may also benefit from long-term hydro-

chemical monitoring given the dynamic nature of

water chemistry in riverine systems. By using a

landscape ecological approach that incorporates

molecular techniques at local to global scales, we

can better understand how habitat heterogeneity

influences intraspecific interactions in Brook Trout

populations, as well as those of other aquatic species.
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Cañedo-Argüelles M, Boersma KS, Bogan MT, Olden JD,

Phillipsen I, Schriever TA, Lytle DA (2015) Dispersal

strength determines meta-community structure in a den-

dritic riverine network. J Biogeogr 42(4):778–790

Caputo J, Beier CM, Fakhraei H, Driscoll CT (2016) Impacts of

acidification and potential recovery on the expected value

of recreational fisheries in Adirondack lakes (USA).

Environ Sci Technol 51:742–750

Carim KJ, Eby LA, Barfoot CA, Boyer MC (2016) Consistent

loss of genetic diversity in isolated cutthroat trout popu-

lations independent of habitat size and quality. Conserv

Genet 17:1363–1376

Cone RS, Krueger CC (1988) Comparison of survival, emi-

gration, habitat use, marking mortality, and growth

between two strains of Brook Trout in Adirondack ponds.

N Am J Fish Manag 8(4):497–504

Crispo E, Moore JS, Lee-Yaw JA, Gray SM, Haller BC (2011)

Broken barriers: human-induced changes to gene flow and

introgression in animals: an examination of the ways in

which humans increase genetic exchange among popula-

tions and species and the consequences for biodiversity.

BioEssays 33(7):508–518

Daniels RA (2011) Legacy of New York State’s watershed

surveys, 1926–1939. Fisheries 36:179–189

Demong L (2001) The use of rotenone to restore native Brook

Trout in the Adirondack Mountains of New York—an

overview. In: Cailteux RL, Demong L, Finlayson B, Hor-

tonW,McClayW, Schnick RA (eds) Rotenone in fisheries:

are the rewards worth the risk. American Fisheries Society,

Trends in Fisheries Science and Management 1, Bethesda,

pp 29–36

Do C, Waples RS, Peel D, Macbeth GM, Tillett BJ, Ovenden JR

(2014) NeEstimator v2: re-implementation of software for

the estimation of contemporary effective population size

(Ne) from genetic data. Mol Ecol Resour 14:209–214

Earl DA (2012) STRUCTURE HARVESTER: a website and

program for visualizing STRUCTURE output and imple-

menting the Evanno method. Conserv Genet Resour

4:359–361

Edmands S (2007) Between a rock and a hard place: evaluating

the relative risks of inbreeding and outbreeding for con-

servation and management. Mol Ecol 16:463–475

Emery L (1985) Review of fish species introduced into the Great

Lakes, 1819–1974. Great Lakes Fishery Commission, No.

45, pp. 0–31

Evanno G, Regnaut S, Goudet J (2005) Detecting the number of

clusters of individuals using the software STRUCTURE: a

simulation study. Mol Ecol 14(8):2611–2620

Excoffier L, Lischer HE (2010) Arlequin suite ver 3.5: a new

series of programs to perform population genetics analyses

under Linux and Windows. Mol Ecol Resour 10:564–567

Fausch KD, Torgersen CE, Baxter CV, Li HW (2002) Land-

scapes to riverscapes: bridging the gap between research

and conservation of stream fishes: a continuous view of the

river is needed to understand how processes interacting

among scales set the context for stream fishes and their

habitat. AIBS Bull 52:483–498

Garner BA, Hand BK, Amish SJ, Bernatchez L, Foster JT,

Miller KM, Templin WD (2016) Genomics in conserva-

tion: case studies and bridging the gap between data and

application. Trends Ecol Evol 31:81–83

George SD, Baldigo BP (2018) Adirondack and catskill stream-

fish survey dataset: US Geological Survey data release.

https://doi.org/10.5066/F70C4V25

Gloss SP, Schofield CL, Spateholts RL, Plonski BA (1989)

Survival, growth, reproduction, and diet of Brook Trout

(Salvelinus fontinalis) stocked into lakes after liming to

mitigate acidity. Can J Fish Aquat Sci 46(2):277–286

Goudet J (1995) FSTAT (version 1.2): a computer program to

calculate F-statistics. J Hered 86(6):485–486

Greaver TL, Sullivan TJ, Herrick JD, Barber MC, Baron JS,

Cosby BJ, Deerhake ME, Dennis RL, Dubois JJB, Goodale

CL (2012) Ecological effects of nitrogen and sulfur air

pollution in the US: what do we know? Front Ecol Environ

10(7):365–372

Guo SW, Thompson EA (1992) Performing the exact test of

Hardy-Weinberg proportion for multiple alleles. Biomet-

rics 48(2):361–372

HansenMM (2002) Estimating the long-term effects of stocking

domesticated trout into wild brown trout (Salmo trutta)

populations: an approach using microsatellite DNA anal-

ysis of historical and contemporary samples. Mol Ecol

11:1003–1015

Harbicht AB, Alshamlih M, Wilson CC, Fraser DJ (2014)

Anthropogenic and habitat correlates of hybridization

between hatchery and wild Brook Trout. Can J Fish Aquat

Sci 71:688–697

Helfman GS (2007) Fish conservation: a guide to understanding

and restoring global aquatic biodiversity and fishery
resources. Island Press, Washington

Howell PJ (2018) Changes in native bull trout and non-native

brook trout distributions in the upper Powder River basin

after 20 years, relationships to water temperature and

123

Landscape Ecol

https://doi.org/10.1139/cjfas-2018-0260
https://doi.org/10.1139/cjfas-2018-0260
https://doi.org/10.5066/F70C4V25


implications of climate change. Ecol Freshw Fish

27(3):710–719

Hudy M, Thieling TM, Gillespie N, Smith EP (2008) Distri-

bution, status, and land use characteristics of subwater-

sheds within the native range of Brook Trout in the eastern

United States. N Am J Fish Manag 28(4):1069–1085

Jombart T (2008) adegenet: a R package for the multivariate

analysis of genetic markers. Bioinformatics 24:1403–1405

Jombart T (2015) A tutorial for the spatial Analysis of Principal

Components (sPCA) using adegenet 2.0.0

Jombart T, Devillard S, Dufour AB, Pontier D (2008) Revealing

cryptic spatial patterns in genetic variability by a new

multivariate method. Heredity 101:92

Josephson DC, Lawrence GB, George SD, Siemion J, Baldigo

BP, Kraft C (2019) Response of water chemistry and

young-of-year brook trout to channel and watershed liming

in streams showing lagging recovery from acidic deposi-

tion. Water Air Soil Pollut 230(7):144

Kanno Y, Letcher BH, Coombs JA, Nislow KH, Whiteley AR

(2014) Linking movement and reproductive history of

Brook Trout to assess habitat connectivity in a heteroge-

neous stream network. Freshw Biol 59:142–154

Kanno Y, Vokoun JC, Letcher BH (2011a) Fine-scale popula-

tion structure and riverscape genetics of Brook Trout

(Salvelinus fontinalis) distributed continuously along

headwater channel networks. Mol Ecol 20:3711–3729

Kanno Y, Vokoun JC, Letcher BH (2011b) Sibship recon-

struction for inferring mating systems, dispersal and

effective population size in headwater Brook Trout

(Salvelinus fontinalis) populations. Conserv Genet

12:619–628

Kazyak DC, Rash J, Lubinski BA, King TL (2018) Assessing

the impact of stocking northern-origin hatchery Brook

Trout on the genetics of wild populations in North Car-

olina. Conserv Genet 19:207–219

Keller WT (1979) Management of Wild and Hybrid Brook

Trout in New York Lakes, Ponds and Coastal Streams.

Report from the Bureau of Fisheries, Division of Fish and

Wildlife, New York State Department of Environmental

Conservation

Keller D, Holderegger R, van Strien MJ, Bolliger J (2015) How

to make landscape genetics beneficial for conservation

management? Conserv Genet 16:503–512

Kelson SJ, Kapuscinski AR, Timmins D, Ardren WR (2015)

Fine-scale genetic structure of Brook Trout in a dendritic

stream network. Conserv Genet 16:31–42

King TL, Lubinski BA, Burnham-Curtis MK, Stott W, Morgan

RP (2012) Tools for the management and conservation of

genetic diversity in Brook Trout (Salvelinus fontinalis): tri-

and tetranucleotide microsatellite markers for the assess-

ment of genetic diversity, phylogeography, and historical

demographics. Conserv Genet Resour 4:539–543

Kopelman NM, Mayzel J, Jakobsson M, Rosenberg NA, May-

rose I (2015) Clumpak: a program for identifying cluster-

ing modes and packaging population structure inferences

across K. Mol Ecol Resour 15:1179–1191

Lamaze FC, Sauvage C, Marie A, Garant D, Bernatchez L

(2012) Dynamics of introgressive hybridization assessed

by snp population genomics of coding genes in stocked

Brook Charr (Salvelinus Fontinalis). Mol Ecol

21:2877–2895

Lawrence GB, Burns DA, Riva-Murray K (2016) A new look at

liming as an approach to accelerate recovery from acidic

deposition effects. Sci Total Environ 562:35–46

Lawrence GB, Simonin HA, Baldigo BP, Roy KM, Capone SB

(2011) Changes in the chemistry of acidified Adirondack

streams from the early 1980s to 2008. Environ Pollut

159:2750–2758

Lawrence GB, Sutherland JW, Boylen CW, Nierzwicki-Bauer

SA, Momen B, Roy KM, Baldigo BP, Simonin HA,

Capone SB (2007) Acid rain effects on aluminum mobi-

lization clarified by inclusion of strong organic acids.

Environ Sci Technol 41:93–98

Lefohn AS, Husar JD, Husar RB (1999) Estimating historical

anthropogenic global sulfur emission patterns for the per-

iod 1850–1990. Atmos Environ 33:3435–3444

Létourneau J, Ferchaud AL, Le Luyer J, Laporte M, Garant D,

Bernatchez L (2018) Predicting the genetic impact of

stocking in Brook Charr (Salvelinus fontinalis) by com-

bining RAD sequencing and modeling of explanatory

variables. Evol Appl 11:577–592

Marie AD, Bernatchez L, Garant D (2010) Loss of genetic

integrity correlates with stocking intensity in brook charr

(Salvelinus fontinalis). Mol Ecol 19:2025–2037

Marie AD, Bernatchez L, Garant D (2011) Empirical assess-

ment of software efficiency and accuracy to detect intro-

gression under variable stocking scenarios in brook charr

(Salvelinus fontinalis). Conserv Genet 12:1215

Marie AD, Bernatchez L, Garant D, Taylor E (2012) Environ-

mental factors correlate with hybridization in stocked

Brook Charr (Salvelinus Fontinalis). Can J Fish Aquat Sci

69:884–893

Merriam ER, Fernandez R, Petty JT, Zegre N (2017) Can Brook

Trout survive climate change in large rivers? If it rains. Sci

Total Environ 607:1225–1236

Perkins DL, Krueger CC,May B (1993) Heritage Brook Trout in

Northern USA: genetic variability within and among

populations. Trans Am Fish Soc 122:515–532

Pess GR, Quinn TP, Gephard SR, Saunders R (2014) Re-colo-

nization of Atlantic and Pacific rivers by anadromous

fishes: linkages between life history and the benefits of

barrier removal. Rev Fish Biol Fisheries 24:881–900

Pilger TJ, Gido KB, Propst DL, Whitney JE, Turner TF (2017)

River network architecture, genetic effective size and dis-

tributional patterns predict differences in genetic structure

across species in a dryland stream fish community. Mol

Ecol 26:2687–2697

Pritchard JK, Stephens M, Donnelly P (2000) Inference of

population structure using multilocus genotype data.

Genetics 155:945–959

Puechmaille SJ (2016) The program structure does not reliably

recover the correct population structure when sampling is

uneven: subsampling and new estimators alleviate the

problem. Mol Ecol Resour 16:608–627

Reuter CN, Kaller MD, Walsh CE, Kelso WE (2019) Fish

assemblage response to altered dendritic connectivity in

the Red River Basin, Central Louisiana. Am Midl Nat

181(1):63–81

Robinson ZL, Coombs JA, Hudy M, Nislow KH, Letcher BH,

Whiteley AR (2017) Experimental test of genetic rescue in

isolated populations of Brook Trout. Mol Ecol

26:4418–4433

123

Landscape Ecol



Rousset F (2008) genepop’007: a complete re-implementation

of the genepop software for Windows and Linux. Mol Ecol

Resour 8:103–106

Schofield CL (1977) Acid snow-melt effects on water quality

and fish survival in the Adirondack Mountains of New

York State (No. PB-277801). Cornell University, Ithaca,

NY (USA). Dept. of Natural Resources

Schofield CL (1993) Habitat suitability for Brook Trout

(Salvelinus fontinalis) reproduction in Adirondack lakes.

Water Resour Res 29(4):875–879

Shafer AB, Wolf JB, Alves PC, Bergström L, Bruford MW,

Brännström I, Colling G, Dalen L, De Meester L, Ekblom

R, Fawcett KD (2015) Genomics and the challenging

translation into conservation practice. Trends Ecol Evol

30:78–87

Simonin HA, Paul EA, Symula J (2000) Survival of caged

hybrid Brook Trout in Adirondack headwater streams.

New York State Department of Environmental Conserva-

tion, Data Report, Rome, New York, p 18

Timm A, Hallerman E, Dolloff CA, Hudy M, Kolka R (2016)

Identification of a barrier height threshold where Brook

Trout population genetic diversity, differentiation, and

relatedness are affected. Environ Biol Fishes 99:195–208

U.S. Geological Survey (2018) USGS water data for the Nation:

U.S. Geological Survey National Water Information Sys-

tem database. https://doi.org/10.5066/F7P55KJN. Acces-

sed 6 Sept 2017

Van Deventer JS, Platts WS (1985) A computer software system

for entering, managing, and analyzing fish capture data

from streams. U.S. Forest Service Research Note INT-352

Wang J (2017) The computer program STRUCTURE for

assigning individuals to populations: easy to use but easier

to misuse. Mol Ecol Resour 17:981–990

Weaver DM, Kwak TJ (2013) Assessing effects of stocked trout

on nongame fish assemblages in southern Appalachian

Mountain streams. Trans Am Fish Soc 142:1495–1507

Webster DA, Flick WA (1981) Performance of indigenous,

exotic, and hybrid strains of Brook Trout (Salvelinus

fontinalis) in waters of the Adirondack Mountains, New

York. Can J Fish Aquat Sci 38(12):1701–1707

Western D (2018) Conservation for the twenty-first century.

Oxford University Press, New York

Whiteley AR, Coombs JA, Hudy M, Robinson Z, Colton AR,

Nislow KH, Letcher BH (2013) Fragmentation and patch

size shape genetic structure of Brook Trout populations.

Can J Fish Aquat Sci 70:678–688

Wier BS, Cockerham CC (1984) Estimating F-statistics for the

analysis of population structure. Evolution 38:1358–1370

Woods RJ, Macdonald JI, Crook DA, Schmidt DJ, Hughes JM

(2010) Contemporary and historical patterns of connec-

tivity among populations of an inland river fish species

inferred from genetics and otolith chemistry. Can J Fish

Aquat Sci 67(7):1098–1115

Wright D, Bishop JM, Matthee CA, Heyden S (2015) Genetic

isolation by distance reveals restricted dispersal across a

range of life histories: implications for biodiversity con-

servation planning across highly variable marine environ-

ments. Divers Distrib 21:698–710

Zeileis A, Cribari-Neto F, Gruen B, Kosmidis I, Simas AB,

Rocha AV, Zeileis MA (2016) Package ‘betareg’

Zippin C (1958) The removal method of population estimation.

J Wildl Manag 22:82–90

Publisher’s Note Springer Nature remains neutral with

regard to jurisdictional claims in published maps and

institutional affiliations.

123

Landscape Ecol

https://doi.org/10.5066/F7P55KJN

	Elucidating the impact of anthropogenic supplementation, isolation and ecological heterogeneity on Brook Trout (Salvelinus fontinalis) genetic structure
	Abstract
	Context
	Objectives
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Study area and sample collection
	DNA extraction and genotyping
	Summary statistics and diversity indices
	Estimating introgression from stocked fish
	Spatial genetic structure in the Black River watershed
	Modeling relationships between habitat and admixture attributed to stocked fish

	Results
	Summary statistics and diversity indices
	Introgression from stocked fish across sampling locations
	Spatial genetic structure across sampled locations
	Predictive models explaining introgression

	Discussion
	Acknowledgements
	References




