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Abstract The overall goal of the study was to evaluate
effects of landscape features, barriers, on Brook Trout
Salvelinus fontinalis population genetics and to identify
a potential barrier height threshold where genetic diver-
sity was reduced upstream of the barrier and differenti-
ation and relatedness increase. We screened variation at
eight microsatellite DNA loci within Brook Trout pop-
ulations upstream and downstream of ten putative natu-
ral barriers ranging in height from 1.5 to 61 m to
quantify allelic variation, differentiation (FST), individ-
ual assignment probability (Q), and relatedness (rxy).
Average gene diversity per locus (H), differentiation
(FST), and mean relatedness values (rxy) became sig-
nificantly greater in relation to barrier height starting at

4 m according to piecewise linear regression. This po-
tential barrier height threshold is greater than the barrier
height criterion identified for Brook Trout based on
physical criteria and jumping ability (0.74 m). The 4 m
barrier-height criteria can be used to identify barrier sites
where Brook Trout populations may be at risk due to
reduced genetic diversity and increased relatedness.

Keywords Barrier . Brook Trout . Genetic
differentiation . Individual assignment . Relatedness

Introduction

Natural and anthropogenic barriers to fish movement
within streams are significant sources of habitat fragmen-
tation that affect distributions of fish populations across
landscapes (Gibson et al. 2005; Gosset et al. 2006; Sheer
and Steel 2006; Poplar-Jeffers et al. 2009). Information on
the specific conditions that constitute a barrier to move-
ment for particular fish species is limited. Depending on
the species’ swimming ability, jumping ability, and fish
individual size, conditions that create barriers to upstream
movement include excess drop, high or low velocity, and
excessive channel slope. Physical complexity and flow
variability may exacerbate the barriers and influence the
likelihood that particular cascades or waterfalls will be
barriers to fish movement (Belford and Gould 1989;
Adams et al. 2000; Reiser et al. 2006). This study focuses
on Brook Trout Salvelinus fontinalis, the native trout
species of the easternUnited States, which has a previously
documented maximum jump height. For Brook Trout 8.6
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to 34.0 cm total length (TL), Kondratieff and Myrick
(2006) documented a 0.74 m maximum jump height at
baseflow over a flashboard flume artificial waterfall in the
laboratory. In the field, Adams et al. (2000) documented a
21.0 cm TL Brook Trout ascending a 1.5 m falls and a
9.0 cm TL Brook Trout ascending a 0.70 m falls in high-
gradient streams in the western United States.

A height barrier to upstream movement such as a
waterfall can impede gene flow, which may result in
genetic isolation, reduced genetic diversity, and in-
creased genetic differentiation (Shrimpton and Heath
2003; Gibson et al. 2005; Hudy et al. 2010). Previous
research has applied microsatellite DNA markers to
detect genetic differences between upstream and down-
stream trout populations adjacent to barriers of various
heights as indicators of barrier effects. To quantify bar-
rier effects, researchers have used genetic differentiation
(FST), heterozygosity (H), number of alleles per locus
(A), and probability of individual assignment to their
correct source population (Q) (Castric et al. 2001; Taylor
et al. 2003; Yamamoto et al. 2004; Poissant et al. 2005;
Wofford et al. 2005; Whiteley et al. 2006; Deiner et al.
2007; Small et al. 2007; Guy et al. 2008). For example,
Deiner et al. (2007) sampled Rainbow Trout
Oncorhynchus mykiss at barrier sites ranging in height
from 3 to 21.3m and found a significantly lower number
of alleles upstream of barriers, and higher individual
assignment probabilities upstream of barriers (81.3 %)
compared to downstream of barriers (74.4 %). Other
research documented lower allelic diversity upstream
of barriers and higher differentiation between upstream
and downstream populations at barriers ranging in
height from 5 to 30 m for Coastal Cutthroat Trout
Oncorhynchus clarkii clarkii populations (Wofford
et al. 2005; Guy et al. 2008) and for Brook Trout
populations at barriers > 10 m (Poissant et al. 2005).

In addition to using genetic diversity, differentiation,
and individual assignment probability to quantify barrier
effects on trout populations, quantifying relatedness
among individuals could also be applied to further in-
vestigate effects of barriers on gene flow (Belkhir et al.
2002; Kalinowski et al. 2006; Jones and Wang 2009;
Coombs et al. 2010; Kanno et al. 2011). High related-
ness among parents and offspring associated with all
Brook Trout redds upstream of a putative barrier could
indicate only interbreeding among spawners upstream
of the barrier and a lack of dispersal of new colonizing
spawning adults from downstream (Kuligowski et al.
2005; Kalinowski et al. 2006; Hudy et al. 2010).

Although, these previous studies identified effects of
barriers on salmonid population genetics associated with
barriers that ranged in height from 3 to 21.3 m (Deiner
et al. 2007) for Rainbow Trout and 5 to 30 m (Wofford et
al. 2005) for Coastal Cutthroat Trout, they did not attempt
to identify a height threshold where differences between
upstream and downstream allelic diversity and individual
assignment probabilities and differentiation became statis-
tically significant. These previous studies also assumed a
priori that putative barriers of certain heights were barriers
to genetically effective migration without information ver-
ifying that specific heights resulted in statistically different
diversity, assignment, or differentiation values.

This was the first study to sample Brook Trout popula-
tions directly upstream and downstream of putative bar-
riers ranging in height from 1.5 to 61 m across two
ecoregions in the eastern United States in order to quantify
population genetic effects upon the respective local popu-
lations. In this study, we tested the hypotheses that Brook
Trout population genetic diversity, differentiation, individ-
ual assignment probability, and relatedness upstream and
downstreamof barriers differed in relation to barrier height.
The larger range of heights associated with this study
allowed us to test the hypothesis that there is a height
threshold where genetically-effective migration, or gene
flow, between upstream and downstream populations of
Brook Trout is significantly reduced. Finding a height
threshold value where the barrier affects genetically-
effective migration is important for maintaining genetic
diversity and managing stream fish populations at the
watershed scale where both anthropogenic and natural
barriers occur. Identifying a height threshold where the fish
population upstream of a barrier is at additional risk due to
reduced gene flow could be used to identify high priority
populations for management within a watershed. In addi-
tion, heights that impede jumping and swimming abilities
for fish have been used as criteria to identify anthropogenic
barriers as impassable (Belford and Gould 1989).
Identifying a height known to affect genetically-effective
migration would be an additional tool for prioritizing
anthropogenic barrier removal.

In relation to the hypothesis that there is a height
threshold that results in reduced gene flow, we predicted
that the following effects would occur: 1) significantly
less allelic diversity, measured as total number of alleles,
average gene diversity per locus (H), and number of
alleles per locus (A) upstream of the barrier when com-
pared to downstream of the barrier; 2) significantly
greater FST values between upstream and downstream
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populations with greater barrier height as the upstream
sample is further differentiated from the downstream
sample; 3) significantly higher relatedness (rxy) up-
stream of the barrier when compared to down-
stream of the barrier due to isolation from a larger
number of spawners downstream of the barrier;
and 4) significantly greater individual assignment
probabilities upstream of the barrier when com-
pared to downstream of the barrier.

Previous research also indicated differences in genet-
ic variation among Brook Trout populations within ma-
jor drainages (Perkins et al. 1993; Danzmann et al.
1998) and among Coastal Cutthroat Trout populations
within ecoregions (Guy et al. 2008). Therefore, this
study tests our predictions using sites selected from
two ecoregions to address these potential effects on data
analysis. Stocking programs for various trout and salm-
on species have had mixed effects on genetic diversity
of supplemented populations, ranging from no effect to
negative effects (Hansen et al. 2000; Heggenes et al.
2006; Small et al. 2009) as well. Previous research has
documented effects of stocked fish on trout species up to
20 years (Heggenes et al. 2006). Therefore, sites were
selected that either have not been stocked or have not
been stocked in the last 20 of years, to eliminate the
potential influence of stocking on genetic diversity
metrics. Previous research has documented similar
effects of natural waterfall barriers and anthropogenic
barriers on genetic diversity and population genetic
structure at larger scales (Deiner et al. 2007).Therefore,
we believe that analysis of data at natural barriers is
relevant to anthropogenic barriers as well.

Materials and methods

A total of 10 sites with putative natural barriers and one
site with no barrier were selected in subwatersheds
(USGS 6th-level Hydrologic Units) of the eastern
United States (Fig. 1) that were at least 68 % forested,
which is known to be significantly correlated to the
presence of successfully-reproducing Brook Trout pop-
ulations (Hudy et al. 2008). Heights for the 10 putative
barriers ranged from 1.5 to 61 m (Table 1), with all
putative barriers meeting the minimum 0.74 m height
considered a barrier to upstream movement for 8.6 to
34.0 cm TL Brook Trout (Kondratieff and Myrick
2006). Sites were selected from the heavily-glaciated
Northern Lakes and Forests Level III Ecoregion and

the unglaciated Blue Ridge Level III Ecoregion to rule
out differences in genetic diversity that could occur at the
ecoregional scale and to investigate the consistency of
genetic diversity patterns upstream and downstream of
barriers regardless of ecoregion (Bailey 2005; Guy et al.
2008). Sites were also selected based on historic and
current survey information that identified locations with
sufficient Brook Trout population densities to collect at
least 30 juveniles and adults upstream and downstream of
each natural barrier, the sample size considered a mini-
mum for reliably estimating genetic diversity of popula-
tions (McCracken et al. 1993; Rogers and Curry 2004).

Stocking information

Stocking, or unauthorized movement, could affect com-
parisons of genetic diversity, differentiation, individual
assignment, and relatedness between sites and between
upstream and downstream samples at a given site if a
stream is stocked downstream of a barrier and not up-
stream of a barrier, or vice versa. This would be the
result of differences between alleles and kinship rela-
tionships found in the stocked fish and the fish already
found within the stream. Brook Trout has been influ-
enced by stocking throughout its range. For example,
historic information shows that stocking occurred at
different times throughout the Blue Ridge Level III
Ecoregion from 1941 to the present and among the
Northern Lakes and Forests Level III Ecoregion from
1956 to the present. Despite stocking influence, natural
genetic diversity and population structuring still occur to
a large extent throughout the range of the species
(Danzmann and Ihssen 1995; Danzmann et al. 1998;
Hall et al. 2002; Rogers and Curry 2004; D’Amelio
et al. 2008; Wilson et al. 2008).

Occurrence of stocking can only be verified reliably
by stocking records compiled by state agencies in
charge of stocking programs. Unintentional stocking
or undocumented movement of fish from one location
to another by the public is always possible in any stream
in the United States, but this could not be verified and
was considered negligible for the sake of our analysis.
Of the ten sites, and one non-barrier site identified for
this study, state agency records document no stocking at
the following six sites at the sampled location or in
connected waters according to fisheries biologists from
the Virginia Department of Game and Inland Fisheries
(VDGIF) and Michigan Department of Natural
Resources (MI DNR): Apple Orchard Falls, Virginia
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(Thom Teears, VDGIF, personal communication,
November 15, 2013); Cascades, Virginia (Joe Williams,
VDGIF, personal communication, November 12, 2013);
Cabin Creek, Virginia (George Palmer, VDGIF, personal
communication, November 12, 2013); North Fork Stony
Creek, Virginia (non-barrier site) (Joe Williams, VDGIF,
personal communication, November 12, 2013); Shoe
Creek Cascade, Virginia (Thom Teears, VDGIF, person-
al communication, November 15, 2013); and Cole
Creek, Michigan (Darren Kramer, MI DNR, personal
communication, November 20, 2013).

The following five sites were stocked both upstream
and downstream of the sample location between 1941 and
1980, (according to fisheries biologists from VDGIF,
North Carolina Wildlife Resources Commission
(NCWRC), Wisconsin Department of Natural Resources
(WI DNR), and Minnesota Department of Natural
Resources (MN DNR): Saint Mary’s Falls, Virginia
(stocked until 1972, Thom Teears, VDGIF, personal com-
munication, November 15, 2013); Sassafras Falls, North
Carolina (1941 stocking record, Jacob Rash, NCWRC,
personal communication, December 19, 2013); Morgan
Falls, Wisconsin (not stocked since 1956, Lawrence
Eslinger, WI DNR, personal communication, November
11, 2013); Spring Brook, Wisconsin (not stocked since
1962, Lawrence Eslinger, WI DNR, personal communi-
cation, November 11, 2013); and Portage Brook,
Minnesota (not stocked since 1980, Steve Persons, MN
DNR, personal communication, November 12, 2013).

Study site measurements

Barrier height was measured in the field using a standard
rod and level andmeasuring tape up to 7.5 mwith a ± 0.05
cm accuracy, orwas estimated by subtracting the difference
in elevation between GPS points recorded directly up-
streamof the barrier and directly downstreamof the barrier,
with an accuracy ± 3 to 5 m if the height was greater than
7.5 m. The difference in elevation based on Google Earth
high-resolution satellite imagery of 1000 pixels was also
used to verify differences inGPS points if the barrier height
was taller than the standard rod (7.5 m). Channel gradient
was estimated as arctan (degrees) based on change in
height (m) from the lowest to highest point of each barrier.

Population genetic sampling

Single-pass, dual-anode backpack electrofishing tech-
niques were used to collect Brook Trout at each site.

Stream reach sample distances ranged from 50 to 200m,
as sampling was completed at a given site once 30
Brook Trout fin clips from individuals ≥ 5 cm total
length were acquired. Fish were sampled from all avail-
able age classes and there were no significant differ-
ences in total lengths between the upstream and
downstream-barrier sample at selected sites. Fish were
anesthetized with clove oil, total lengths and weights
were measured, and ~50 mg pieces of fin were clipped
from each trout (Taylor and Roberts 1999; Rogers and
Curry 2004). Fin clips were stored and preserved in
separate vials with 95 % ethanol.

DNAwas extracted from 657 fin clips and polymerase
chain reaction (PCR) amplified with microsatellite-bearing
fragments at eight loci (Table 2) using anMJ DNAEngine
Dyad PTC-220 thermocycler. Microsatellite loci were
multiplexed (Henegariu et al. 1997; Table 2) for cost-
effective genotyping using an Applied Biosystems, Inc.
ABI 3100-Avant Autoanalyzer andGeneMapper software.
Genotypes were scored using Peak Scanner v 1.0 (Applied
Biosystems, Inc).

Population genetic analysis

In this study, we tested the hypotheses that Brook Trout
population genetic diversity, differentiation, individual
assignment probability, and relatedness upstream and
downstream of barriers differed in relation to a barrier
height threshold. To test these hypotheses, piecewise
linear regression was applied using SAS 9.3 (SAS
Institute, Inc. 2011) to test for significant relationships
between specific ranges of barrier heights and upstream
values of: total number of observed alleles, number of
alleles per locus (A), average gene diversity per locus
(H), mean relatedness (rxy), and individual assignment
probability (Q). Piecewise linear regression was also
applied to test for significant relationships between

Fig. 1 a Study sites sampled in the Northern Lakes and Forests
Level III Ecoregion (Bailey 2005). The four natural barrier sites
included Portage Brook, Minnesota (PRBR), Morgan Falls, Wis-
consin (MORG), Spring Brook, Wisconsin (SPBK), and Cole
Creek, Michigan (COLE) b Study sites sampled in the Blue Ridge
Level III Ecoregion (Bailey 2005). The six natural barrier sites
represented by the circle symbol included Sassafras Falls, North
Carolina (SASS); Cabin Creek, Virginia (CBCR); Cascades, Vir-
ginia (CASC); Apple Orchard Falls, Virginia (APOR), Saint
Mary’s Falls, Virginia (STMY), and Shoe Creek Cascade, Virginia
(SHCS). The non-barrier site, represented by the triangle symbol,
was North Fork Stony Creek (NFKS)

�
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specific ranges of height and differentiation, FST, between
upstream and downstream samples. Piecewise linear re-
gression applied multiple linear models to the above data
for different ranges of height to identify potential
breakpoints where the slope of the linear function changed
and the relationship to height became more significant. A
breakpoint that identified the minimum barrier height that
had an effect would occur when the piecewise model fit
the data more significantly than the linear model, as shown
by smaller mean square error (MSE), a greater r2 value,
and a lower P value (Ryan et al. 2007).

To test the predictions that there would be significantly
less genetic diversity upstream of barriers and greater
differentiation between upstream and downstream samples
in relation to a barrier height threshold, we applied
Arlequin 3.1.1. (Excoffier et al. 2005) to quantify the total

number of observed alleles, number of alleles per locus
(A), average gene diversity per locus (H), and FST (Weir
and Cockerham 1984). Genetic diversity metrics were
quantified following the approach used by Neraas and
Spruell (2001), Rogers and Curry (2004), and Yamamoto
et al. (2004).We appliedGENEPOP (Rousset 2007) to test
for deviation from Hardy-Weinberg equilibrium at each
locus and for linkage disequilibrium for all locus pairs
within a population. Wilcoxon, nonparametric normal ap-
proximation one-sided tests for two independent samples
were then applied using SAS 9.3 (SAS Institute, Inc. 2011)
to test for significant differences between the number of
total alleles, H, and A upstream and downstream of barrier
sites. Results from the piecewise linear regression analysis
were used to test the prediction that there would be greater
differentiation between upstream and downstream samples
in relation to different ranges of barrier heights.

To test the prediction that there would be significant-
ly greater relatedness (rxy) upstream of the barrier than
downstream of the barrier, we applied the IDENTIX
program (Belkhir et al. 2002) to calculate a mean rxy
value for each upstream- and downstream-barrier sam-
ple by applying Queller and Goodnight’s (1989)
pairwise relatedness estimator. Wilcoxon, nonparamet-
ric normal approximation one-sided tests for two inde-
pendent samples were then applied using SAS 9.3 (SAS
Institute, Inc. 2011) to test for significant differences
between mean pairwise relatedness coefficients, rxy,
upstream and downstream of putative barrier sites.
Higher mean relatedness values would be in the
half-sib (0.25) to full-sib (0.45) range, where half-sibs
share one parent and full-sibs share two parents
(Kuligowski et al. 2005).

Table 1 Study sites and associated heights of putative barriers for
Brook Trout populations

Site name Barrier height (m)

Apple Orchard Falls, Virginia 61.0

Sassafras Falls, North Carolina 30.0

Morgan Falls, Wisconsin 23.0

Cascades, Virginia 21.3

Cabin Creek, Virginia 7.6

Portage Brook, Minnesota 6.4

Cole Creek, Michigan 4.3

Saint Mary’s Falls, Virginia 4.0

Shoe Creek Cascade, Virginia 3.4

Spring Brook, Wisconsin 1.5

North Fork Stony Creek, Virginia 0.0

Table 2 Brook Trout microsatellites screened for population genetic analysis (King et al. 2003, 2005)

Locus Dye Allele size range (bp) GenBank accession number

Master Mix 1:

Sfo-C88 FAM (blue) 170–205 AY168192

Sfo-C113 FAM (blue) 125–170 AY168193

Sfo-D75 NED (black) 165–250 AY168197

Sfo-D100 HEX (green) 200–275 AY168199

Master Mix 2:

Sfo-C24 FAM (blue) 110–190 AY168187

Sfo-C115 FAM (blue) 225–370 AY168194

Sfo-C129 HEX (green) 215–270 AY168195

Ssa-D237 HEX (green) 270–450 AF525207
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To test the prediction that there would be significant-
ly greater individual assignment probabilities upstream
of the barrier when compared to downstream of the
barrier, we applied STRUCTURE 2.3.1 (Pritchard
et al. 2000) to estimate the probability (Q) that an
individual belonged to one of K = 2 populations sam-
pled upstream of the barrier or downstream of the bar-
rier. For each putative barrier (10 sites total), five repli-
cate simulations were run, using the admixture model,
with a 100,000 burn-in period and 1,000,000 Markov
ChainMonte Carlo (MCMC) iterations.Wilcoxon, non-
parametric normal approximation one-sided tests for
two independent samples were then applied using SAS
9.3 (SAS Institute, Inc. 2011) to test for significant
differences between mean Q upstream and the mean Q
downstream values for each sample site.

Results

Gradient and barrier height

Gradient was eliminated as a significant variable be-
cause linear regression and correlation analysis identi-
fied height as the preferred predictive variable. Multiple
linear regression tests of significance for relationships
between channel gradient (degrees), barrier height (m),
and genetic differentiation (FST) using SAS 9.3 (SAS
Institute, Inc. 2011) resulted in significant relationships
between height and FST (r

2 = 0.54, F = 9.36, P = 0.02),
and no significant predictive relationship between gra-
dient and FST. Pearson correlation analysis identified a
significant correlation between height and gradient
(r = 0.56, p = 0.02) using SAS 9.3 (SAS Institute, Inc.
2011). Barrier height was chosen as the preferred pre-
dictive variable because Pearson correlation analysis
identified a significant correlation between barrier
height and FST (r = 0.73, p = 0.02), and no significant
correlation between gradient and FST.

Genetic diversity and barrier height

Mean upstream diversity values included 48 ± 6 total
alleles, 6.07 ± 0.71 average number of alleles per locus
(A), and 0.59 ± 0.05 average gene diversity per locus (H)
(Table 3). There was no significant difference between
the upstream- and downstream-barrier samples for the
total number of alleles (Wilcoxon, normal approxima-
tion, Z = 0.04, P < 0.49), average number of alleles per

locus (A) (Wilcoxon, normal approximation, Z = 0.00,
P < 0.50), and average gene diversity per locus (H)
(Wilcoxon, normal approximation, Z = 0.38, P < 0.35).

Total alleles (F = 8.98, P > 0.02) and average number
of alleles per locus (A) (F = 8.98, P > 0.02) became
significantly greater in relation to barrier height, but
piecewise linear regression did not identify a break point
in barrier height at which total alleles or A upstream of
the barrier started to decrease. H values became signif-
icantly greater in relation to barrier height starting at 4 m
according to piecewise linear regression. In this case the
linear model that included all heights to predict the
relationship between barrier height and H was statisti-
cally significant (F = 16.5, P > 0.00, r2 = 0.67,
MSE = 0.11), but the piecewise model that only includ-
ed barrier heights > 4 m was a better fit (F = 28.8,
P > 0.00, r2 = 0.83, MSE = 0.09).

Differentiation and barrier height

Genetic differentiation (FST) values ranged from 0.00 at
Cascades to 0.35 at Apple Orchard Falls (Table 3). FST
values became significantly greater in relation to barrier
height starting at 4 m according to piecewise linear regres-
sion. In this case the linear model that included all heights
to predict the relationship between barrier height and FST
was statistically significant (F = 9.36, P > 0.02, r2 = 0.54,
MSE = 0.08), but the piecewise model that only included
barrier heights > 4 m was a better fit (F = 16.3, P > 0.01,
r2 = 0.76, MSE = 0.07) (Fig. 2).

Relatedness and barrier height

The mean relatedness values, rxy, ranged from 0.18 to 0.59
for all individuals and up to 0.81 for individuals upstream
of the Apple Orchard Falls site. Samples from the Saint
Mary’s Falls, Cabin Creek, Cascades, and Sassafras Falls
populations exhibited mean relatedness values within the
half-sib range (0.25 to 0.49) and the Apple Orchard Falls
site exhibited mean relatedness values within the full-sib
range (≥ 0.50) (Table 4). There was no significant
difference detected between mean relatedness values
(Wilcoxon, normal approximation, Z = −0.34, P < 0.37)
upstream and downstream of all sites.

Mean relatedness values, rxy, became significantly
greater in relation to barrier height starting at 4m according
to piecewise linear regression. In this case the linear model
that included all heights to predict the relationship between
barrier height and mean relatedness was statistically
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significant (F = 24.5,P > 0.00, r2 = 0.75,MSE = 0.06), but
the piecewise model that only included barrier heights

> 4 m was a better fit (F = 39.4, P > 0.00, r2 = 0.89,
MSE = 0.05) (Fig. 3).

Fig. 2 Piecewise regression identified a breakpoint in height (x) where FST values (y) became more significantly related to height at > 4 m

Table 3 Population genetic metrics (mean ± SE) for Brook Trout
upstream (US) and downstream (DS) of putative barriers, includ-
ing: total number of alleles, average number of alleles per locus
(A), average gene diversity (H), probability of individual

assignment (Q), and population differentiation (FST). The P values
are the levels of significance for Wilcoxon one-sided tests for
differences between the upstream and downstream values

Site # alleles US # alleles DS A US A DS H US H DS Q US Q DS FST

APOR 13 32 1.63 4.00 0.16 0.39 0.98 0.94 0.35

SASS 26 24 3.25 3.00 0.45 0.40 0.87 0.88 0.04

MORG 57 52 7.13 6.63 0.66 0.65 0.67 0.69 0.01

CASC 47 42 5.88 5.25 0.63 0.61 0.52 0.52 0.00

CBCR 36 34 4.50 4.25 0.53 0.52 0.95 0.97 0.03

PRBR 59 56 7.63 7.50 0.71 0.68 0.53 0.53 0.01

COLE 71 71 8.88 9.13 0.72 0.69 0.57 0.57 0.02

STMY 34 50 4.25 6.38 0.47 0.69 0.94 0.87 0.15

SHCS 54 55 7.00 7.00 0.74 0.71 0.92 0.93 0.01

SPBK 69 65 8.63 8.13 0.72 0.70 0.78 0.74 0.01

NFKS 64 63 8.00 7.88 0.72 0.71 0.51 0.51 0.00

Mean ± SE 48 ± 6 49 ± 4 6.07 ± 0.71 6.29 ± 0.58 0.59 ± 0.05 0.61 ± 0.04 0.75 ± 0.06 0.74 ± 0.06 0.06 ± 0.03

P values: < 0.49 < 0.50 < 0.35 < 0.44
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Individual assignment probabilities and barrier height

Results of individual assignment analysis using
STRUCTURE 2.3.1 (Pritchard et al. 2000) for sites rang-
ing in height from 1.5 to 61 m resulted in a 0.52 to 0.98
probability (Q) that individuals were correctly assigned to

the upstream-barrier sample at a site and 0.52 to 0.97 (Q)
that individuals were correctly assigned to the
downstream-barrier sample for each site (Table 3). There
was no significant difference between the upstream- and
downstream-barrier samples forQ probability of individu-
al assignment (Wilcoxon, normal approximation, Z = 0.15,

Fig. 3 Piecewise regression identified a breakpoint in height (x) where mean relatedness, rxy values (y) becamemore significantly related to
height at > 4 m

Table 4 Relatedness values for
all Brook Trout sample sites.
Mean relatedness, rxy, values
(Queller and Goodnight 1989)
were calculated for upstream (US)
(30 individuals), downstream
(DS) (30 individuals), and all
combined upstream and
downstream (60 individuals)
barrier samples per site

Site Height (m) rxy (all) rxy (US) rxy (DS)

APOR 61.0 0.59 0.81 0.42

SASS 30.0 0.33 0.34 0.33

MORG 23.0 0.23 0.21 0.22

CASC 21.3 0.28 0.22 0.22

CBCR 7.6 0.28 0.27 0.28

PRBR 6.4 0.19 0.17 0.18

COLE 4.3 0.18 0.17 0.18

STMY 4.0 0.34 0.37 0.26

SHCS 3.4 0.19 0.18 0.19

SPBK 1.5 0.19 0.16 0.20

Mean ± SE 0.28 ± 0.04 0.29 ± 0.06 0.25 ± 0.02
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P < 0.44). In addition, linear regression did not identify a
significant relationship between mean Q upstream and
barrier height (F = 1.68, P > 0.23).

The non-barrier site, North Fork Stony Creek, result-
ed in a 0.51Q that individuals were correctly assigned to
the upstream-barrier sample and 0.51 Q that individuals
were correctly assigned to a downstream-barrier sample.
Putative barrier sites that had similar Q values to the
North Fork Stony Creek non-barrier site (Q = 0.51)
included the Portage Brook site (Q = 0.53), with a
barrier height of 6.4 m, and the Cascades site
(Q = 0.52), with a barrier height of 21.3 m. These sites
with lower Q values also had low FST values of 0.00
(North Fork Stony Creek, 0 m), 0.01 (Portage Brook,
6.4 m), and 0.00 (Cascades, 21.3). Sites that had higher
Q probabilities of assignment such as Apple Orchard
Falls (Q upstream = 0.98, Q downstream = 0.94) and
Sassafras Falls (Q upstream = 0.87, Q downstream
= 0.88) also had higher FST values of 0.35 and 0.04
respectfully (Table 3).

Discussion

This was the first study conducted to investigate the
population genetic effects of putative natural barriers
across a wide range of heights on Brook Trout popula-
tions across two ecoregions of the eastern United States.
The overall goal was to evaluate effects of landscape
features, barriers, on Brook Trout population genetics
and to identify a barrier height threshold of population
genetic effects. Genetic diversity, differentiation, indi-
vidual assignment, and relatedness analyses were ap-
plied to microsatellite multilocus genotype data to look
for empirical indicators of dispersal.

This study predicted that heights barring upstream
movement would result in lower mean total alleles,
mean gene diversity per locus (H), and number of alleles
per locus (A) upstream of the barrier. However, statisti-
cally lower mean total alleles, H, and A were not ob-
served in this study, in contrast to results of previous
studies documenting significant differences in A and H
between upstream- and downstream-barrier samples.
This study also predicted that heights that were a barrier
to upstream movement would result in higher FST

values, which was the case in this study and previous
studies (Castric et al. 2001; Taylor et al. 2003;
Yamamoto et al. 2004; Poissant et al. 2005; Wofford

et al. 2005; Whiteley et al. 2006; Deiner et al. 2007;
Small et al. 2007; Guy et al. 2008).

Although this study did not identify a significant
difference between upstream and downstream values
for individual assignment probability,Q, or a significant
relationship between Q and barrier height, we did ob-
serve differences in Q values when comparing sites.
This study provides evidence that individual assignment
test-based analyses is effective in detecting short-lived
multilocus structures, presumably identifying distinct
patterns in family-level variation due to a limited num-
ber of alleles observed in a given stream reach. Neville
et al. (2006) identified separate upstream and
downstream-barrier clustering of Lahontan cutthroat
trout Oncorhynchus clarkii henshawi individuals using
the STRUCTURE algorithm (Pritchard et al. 2000).
Therefore, individual assignment probability may prove
to be more useful for identifying population structuring
at larger spatial scales.

This study also predicted that mean relatedness
values upstream of the barrier would significantly in-
crease in relation to height, which was the case. In this
study a total of five of 10 sites had mean rxy values at
least at the half-sib level (0.25 to 0.49), where the
offspring in a family share one parent, or the full-sib
level (≥ 0.50), where the offspring in the family share
two parents. The high relatedness value for the
upstream-barrier sample at the APOR site (0.81) sup-
ports the hypothesis that the natural barrier (61 m) at the
Apple Orchard Falls site is a complete barrier to up-
stream dispersal for Brook Trout. This indicates that the
Brook Trout populations upstream of the barrier at the
Apple Orchard Falls are at risk for genetic isolation, loss
of genetic diversity, and increased potential for accumu-
lated inbreeding due to a limited number of families and
lack of dispersal of new spawners from downstream. At
the local scale, these effects of genetic isolation may
affect persistence of a population through decreased
fecundity and adaptive potential over time (Quattro
and Vrijenhoek 1989; Morita and Yamamoto 2002;
Herbinger et al. 2006).

Significant effects of barriers on differentiation and
mean relatedness were observed starting at 4 m heights,
where piecewise regression identified a threshold value
at which average gene diversity per locus (H), FST, and
mean relatedness would continue to increase. This po-
tential barrier height threshold is greater than the height
criterion identified for Brook Trout based on physical
criteria and jumping ability (0.74 m). Applying barrier-
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height criteria, such as 0.74 m with a 0.40 cm minimum
pool depth (Kondratieff and Myrick 2006) and 4 m
heights to Brook Trout movement universally may not
be appropriate for all putative barriers on the land-
scape. The ability of a fish to disperse upstream
may be due to other factors besides height such as
slope, velocity, and availability of resting pools
adjacent to the barrier. Different flow conditions
may offer temporary upstream dispersal opportuni-
ties as higher water allows the fish to be closer to
the top of the barrier. Nonetheless, a height thresh-
old of 4 m, identified by more significant differ-
entiation and relatedness values, could be used as
a minimum height for investigating the presence of
population genetic effects.

This potential 4 m barrier height threshold must be
considered with the caveat that genotypic frequencies at
particular sites sampled may depart from assumptions of
migration-drift equilibrium underlying the FST metric
(Weir and Cockerham 1984) and Hardy-Weinburg
Equilibrium (HWE) related to genetic diversity metrics
(Wright 1965). In addition, relatedness and differentia-
tion analyses are affected by our ability to sample the
entire population across all available habitats, as op-
posed to oversampling individuals from a small number
of families from a small number of redd locations
(Herbinger et al. 2006; Hudy et al. 2010). These
analyses were based on samples of 30 individuals
upstream and downstream of each putative barrier,
which may not reflect all multilocus genotypes
present in every individual in the larger population
from which they were sampled. Percentages of the
total habitat sampled upstream of the barrier, cal-
culated as (stream length sampled/total stream
length)*100, ranged from 0.23 to 10.8 %, and
sampling a larger percentage of the available habitat
may have resulted in more individuals from the
population that have different multilocus geno-
types. For example, we sampled 0.12 km of the
1.97 km total available upstream of the Apple
Orchard Falls site and 0.10 km of the 29.5 km
total available upstream of the Saint Mary’s Falls
site.

Prioritization and management implications

This study shows that natural barriers > 4 m affected
upstream dispersal of Brook Trout, which resulted in
effects on population genetic diversity, differentiation,

and relatedness at the local scale. Effects of natural and
anthropogenic barriers of similar heights should have
similar potential effects on the local population genetic
diversity and population genetic structure (Deiner et al.
2007). Therefore, inferences from this study are
relevant to anthropogenic barriers as well. Inferring
these effects to larger scales that include multiple local
populations isolated upstream of barriers, managers
can use the 4 m threshold to prioritize locations for
Brook Trout conservation genetics and restoration or
modification of anthropogenic barriers to upstream
Brook Trout spawner dispersal.

Kinship analysis reveals that the fewer the number of
families, the fewer the number of spawners, which may
put the population at risk from accumulated inbreeding,
increased effects due to genetic drift, and increased
variance in spawning success (Ryman and Laikre
1991; Herbinger et al. 2006). Relatedness analysis for
the Apple Orchard Falls site suggested a need to in-
crease the availability of diverse spawning pairs of
locally-derived Brook Trout and to increase census size
to prevent inbreeding (Wang et al. 2002; Small et al.
2009). Stocking history should be factored into any
supplementation plan in relation to previously
stocked census sizes and years. The availability
of habitat isolated upstream of the natural barrier
may factor into the success of increases in census
size and supplementation, especially at the Apple
Orchard Falls site with only 1.97 km of available
habitat upstream of the barrier.

Future research needed

Traditional population genetic diversity and differentia-
tion measures assume that investigators have observed
all representative alleles and genotypes in a population,
which may require more extensive sampling throughout
the entire watershed to make sure all dispersing trout
individuals have been sampled. Further related
long-term research studies that include random sam-
pling of individuals in all age-classes throughout all
available habitat within the stream network would en-
sure a more representative sample of all genotypes that
are present (Whiteley et al. 2006). Brook Trout habitat is
becoming increasingly fragmented throughout the spe-
cies’ native range (Hudy et al. 2008). Therefore, oppor-
tunities to sample high-density native Brook Trout pop-
ulations on the landscape are rare. If sites exist that are
accessible, more population genetic sampling from
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natural barrier sites between 4 to 20 m would be helpful
to further quantify the effects of increasing barrier height
on differentiation and relatedness.

For this study, of the 18 high-density Brook Trout
populations identified adjacent to natural barriers, eight
sample locations were eliminated due to the influence of
stocking. Stocking can confound the population genetic
effect of barrier height if stocking is carried out only
upstream or downstream of a barrier or if distinct line-
ages have not had time to thoroughly mix among the
sampled populations. To further characterize effects of
stocking on native Brook Trout genetic diversity in
sampled populations, it would be informative to include
allozyme or mitochondrial DNA analysis of stocked
strains to quantify introgression of stocked alleles into
native alleles in populations.

Further long-term data analysis should combine
long-term mark-recapture, allelic diversity, FST estima-
tion, individual assignment analysis, and kinship analy-
sis data with stocking history in stream channels with
putative barriers to quantify dispersal in both the up-
stream and downstream directions. This study did not
identify every spawning redd and assign every Brook
Trout individual to its redd, which is how to verify that
individuals are dispersing between more than one redd
(Hudy et al. 2010). Collecting data from all age classes
throughout all available habitats upstream and down-
stream of each barrier over ≥ 5 generations would elim-
inate any potential bias that these kinship datasets rep-
resent (Hansen et al. 1997; Whiteley et al. 2006). In
addition, incorporating pedigree analysis (Coombs et al.
2010) with mark-recapture data from permanent PIT tag
readers could be applied to further document how spe-
cific parents and offspring are dispersing from originat-
ing redds in relation to barriers (Hudy et al. 2010).
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