
1062  |   	﻿�  North American Journal of Fisheries Management. 2024;44:1062–1072.wileyonlinelibrary.com/journal/nafm

Received: 15 April 2024  |  Revised: 6 July 2024  |  Accepted: 10 July 2024

DOI: 10.1002/nafm.11033  

M A N A G E M E N T  B R I E F

A genetic assessment of natural barriers for isolating a 
proposed Greenback Cutthroat Trout reintroduction area

Taylor Stack1   |   Matthew P. Fairchild2   |   Rachel Geiger3   |   Sara J. Oyler-McCance4   |   
Jennifer A. Fike4   |   Christopher M. Kennedy5  |   Dana L. Winkelman1,6,7   |   
Yoichiro Kanno1,7

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any 
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2024 The Author(s). North American Journal of Fisheries Management published by Wiley Periodicals LLC on behalf of American Fisheries Society.

1Department of Fish, Wildlife, and 
Conservation Biology, Colorado State 
University, Fort Collins, Colorado, USA
2U.S. Forest Service, National Stream 
and Aquatic Ecology Center, Fort 
Collins, Colorado, USA
3U.S. Forest Service, San Juan National 
Forest, Durango, Colorado, USA
4U.S. Geological Survey, Fort Collins 
Science Center, Fort Collins, Colorado, 
USA
5U.S. Fish and Wildlife Service, 
Colorado Fish and Wildlife 
Conservation Office, Lakewood, 
Colorado, USA
6U.S. Geological Survey, Colorado 
Cooperative Fish and Wildlife Research 
Unit, Fort Collins, Colorado, USA
7Graduate Degree Program in Ecology, 
Colorado State University, Fort Collins, 
Colorado, USA

Correspondence
Taylor Stack
Email: taylor.stack@colostate.edu

Abstract
Objective: Native inland trout conservation efforts rely on physical barriers to 
exclude nonnative salmonids from target habitats. We used genetic techniques to 
evaluate a series of natural waterfalls for their potential to serve as barriers to pre-
vent nonnative salmonids from entering a proposed reintroduction area for federally 
threatened Greenback Cutthroat Trout Oncorhynchus virginalis stomias.
Methods: Genetic samples were collected from nonnative Brook Trout Salvelinus 
fontinalis at 11 sampling reaches above and below natural waterfalls (height: ~1–3 m 
under base flow conditions) along a 33-km segment of Colorado's upper Cache la 
Poudre River near the outflow of the proposed reintroduction area. To evaluate 
whether upstream movement of Brook Trout is restricted by any of these waterfalls, 
we characterized longitudinal trends in genetic diversity along the river corridor and 
examined patterns of genetic differentiation and population structure in relation to 
waterfall locations using a panel of microsatellites.
Result: We found no evidence that the waterfalls served as complete movement bar-
riers for nonnative Brook Trout based on genetic clustering analyses, estimates of 
population differentiation, and longitudinal genetic patterns. Our multilocus assess-
ment did not identify alleles restricted to downstream reaches, and the river segment 
was genetically homogenized.
Conclusion: Our evaluation suggests that the existing waterfalls do not fully prevent 
upstream movement by nonnative Brook Trout, and thus barrier modification would 
be needed to establish an isolated Greenback Cutthroat Trout population in the pro-
posed wilderness area.
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INTRODUCTION

Once widespread throughout the western United States, 
cutthroat trout  species have declined in abundance 
and distribution following extensive introductions of 
nonnative salmonids during the past century (Young 
et  al.  1996; Harig et  al.  2000; Gresswell  2011; Nordberg 
et al. 2021). For instance, Brook Trout Salvelinus fontinalis 
were widely introduced throughout the southern Rocky 
Mountains beginning in the late 1800s and have become 
naturalized in habitat that has historically been occu-
pied by cutthroat trout (Fausch 2007; Metcalf et al. 2012). 
Brook Trout typically outcompete cutthroat trout for food 
and habitat resources during early life stages, leading to 
extirpation of cutthroat trout in many cases (De Staso 
and Rahel 1994; Dunham et al. 2002; Peterson et al. 2004; 
Roberts et  al.  2017). As a result, a majority of remnant 
native cutthroat trout populations exist in isolated head-
water habitats upstream of barriers (Young et  al.  1996; 
Fausch 2007; Nordberg et al. 2021) and successful recovery 
strategies rely on natural or artificial barriers to prevent 
encroachment by nonnative fish into reintroduction areas 
(Harig et al. 2000; Novinger and Rahel 2003; Rahel 2013). 
Evaluating the effectiveness of natural waterfall features 
to serve as fish passage barriers is important for identi-
fying suitable reintroduction habitats and determining 
when artificial barrier construction is necessary.

Under the management-by-isolation paradigm, man-
agers have reintroduced populations of several native in-
land trout species (Oncorhynchus spp.) including Apache 
Trout O. apache, Lahontan Cutthroat Trout O. henshawi, 
Colorado River Cutthroat Trout O. virginalis pleuriti-
cus, and Greenback Cutthroat Trout O. virginalis stomias 
(Novinger and Rahel 2003; Fausch et al. 2009; Rahel 2013). 
Headwater habitats that are chosen for reintroductions 
are often located in remote wilderness areas and other 
public lands with minimal anthropogenic influence, 
which has resulted in the preservation of intact aquatic 
habitats that are suitable for extinction-vulnerable spe-
cies (Kershner et al. 1997). However, logistic constraints 
for work in remote areas make locating or constructing 
barriers challenging, and although native species conser-
vation is a management priority in designated wilderness 
areas (Association of Fish and Wildlife Agencies  2006), 
physically modifying habitats in a wilderness setting can 
be controversial and requires scrutinous evaluation to 
ensure that proposals align with policy. Therefore, deci-
sions regarding if, where, and how barriers are used or 
constructed for native trout reintroductions in wilderness 
areas should be informed by science.

Assessments of fish passage barriers in natural envi-
ronments often rely on the direct observation of fish move-
ment using techniques such as mark–recapture or passive 

integrated transponder (PIT) antennas (Thompson and 
Rahel 1998; Bunt et al. 2012). Although observational stud-
ies can confirm fish passage, they may fail to detect move-
ment when it actually occurs because only small fractions 
of populations are tagged or marked and limited obser-
vation windows can miss patterns of episodic or infre-
quent movement (Kanno et al. 2014; Whiteley et al. 2014). 
Furthermore, studies relying on mark–recapture of indi-
vidual fish require multiple visits to each monitored site, 
which can be labor intensive, costly, and inefficient to 
implement at many sites. Genetic methods have emerged 
as an alternative strategy for indirectly detecting barrier 
effects in stream fish populations (Wofford et  al.  2005; 
Deiner et al. 2007; Whiteley et al. 2014; Timm et al. 2015) 
and may provide a more efficient way to evaluate fish pas-
sage at large numbers of sites. Thus, genetic approaches 
can help identify and evaluate potential barriers for use 
in native fish reclamation projects. By blocking gene flow, 
barriers can produce marked patterns of genetic isolation, 
reduced genetic diversity, and differentiation between 
groups (Hudy et  al.  2010; Timm et  al.  2015; Allendorf 
et al. 2022). Often, genetic diversity is reduced above bar-
riers because gene flow is restricted in the upstream direc-
tion (Wofford et al. 2005; Neville et al. 2006, 2009; Deiner 
et al. 2007; Torterotot et al. 2014). Barriers have also been 
widely reported to be a factor that influences spatial ge-
netic structure in salmonids, contributing to increased 
levels of genetic differentiation between barrier-separated 
populations in some cases (Costello et  al.  2003; Neville 
et al. 2006; Deiner et al. 2007; Guy et al. 2008; Torterotot 
et al. 2014; White et al. 2020) but not in others (Wofford 
et al. 2005; Timm et al. 2015). Furthermore, barriers may 
produce distinctive longitudinal patterns in allele fre-
quencies along river corridors because alleles that origi-
nate from downstream source populations are expected to 
be absent above barriers that restrict upstream movement 
(Sundqvist et al. 2016).

In this study, we examined spatial genetic patterns of 
nonnative Brook Trout in relation to waterfall locations 
near the downstream boundary of a proposed reintroduc-
tion area for federally threatened Greenback Cutthroat 
Trout. This reintroduction effort, the Poudre Headwaters 

Impact statement

Genetic analyses suggested that a series of natu-
ral waterfalls do not act as sufficient barriers for 
isolating a proposed Greenback Cutthroat Trout 
reintroduction area in Colorado, USA. Barrier 
modification or construction would be necessary 
to prevent invasion by nonnative salmonids.
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Project, is an interagency effort to restore a metapopu-
lation of Greenback Cutthroat Trout to 60 km of stream 
habitat and 106 acres of lake habitat in Colorado's upper 
Cache la Poudre River basin, the largest cutthroat trout 
recovery project in the state's history. A permanent bar-
rier at the downstream boundary of the reclamation area 
is necessary for the project's success, but fish passage ob-
servations revealed that the waterfall that was originally 
selected for this purpose (U.S. Forest Service  2009) does 
not sufficiently prevent upstream fish movement (M.P. 
Fairchild, unpublished data). Identifying a suitable natu-
ral barrier would best align with management priorities 
because the project occurs on a federally designated Wild 
and Scenic River segment located in a wilderness area 
where the goal of natural resources management is to pre-
serve the free flow of the river and maintain scenic and 
recreational values (U.S. Forest Service 1990). However, if 
there is not a natural barrier, modifying an existing water-
fall feature or constructing a new artificial barrier would 
be necessary to establish an isolated Greenback Cutthroat 
Trout population. The objective of this study was to eval-
uate a series of bedrock waterfalls for their potential to 
serve as physical barriers to isolate the proposed recla-
mation area. We used multilocus microsatellite genotype 
data that were collected from sampling reaches above and 
below each waterfall to assess whether genetic patterns in-
dicate restricted upstream movement by nonnative Brook 
Trout. This evaluation will provide information to assist 
managers in deciding whether a natural waterfall feature 
could serve as the downstream boundary for the Poudre 
Headwaters Project or if waterfall modification will be 
necessary to ensure the successful isolation of habitat for 
Greenback Cutthroat Trout recovery.

METHODS

Study area

This study occurred along a 33-km headwater segment of 
Colorado's Cache la Poudre River within Rocky Mountain 
National Park and Roosevelt National Forest. The Cache 
la Poudre River begins at an elevation of 3270 m as a small, 
snowmelt-driven stream and flows from the Continental 
Divide through the northwest corner of Rocky Mountain 
National Park, forming a dendritic network with other 
tributary streams (Figure  1). The segment of the Cache 
la Poudre River that is bounded by our sampling reaches 
is dominated by nonnative trout, primarily Brook Trout, 
with low abundance of hybridized cutthroat trout 
(e.g.,  Colorado River Cutthroat Trout × Yellowstone 
Cutthroat Trout O. v. bouvieri) originating from stocked 
reservoirs and tributaries. Brown Trout Salmo trutta also 

occur in the lower portion of the study area. Historical 
records show that Brook Trout were stocked in some of 
the streams and lakes that are hydrologically connected to 
our study area as early as 1892, with no records of Brook 
Trout stocking after 1955 (Colorado Parks and Wildlife, 
unpublished data; U.S. Fish and Wildlife Service, unpub-
lished data). The entire river corridor and most of the 
tributary streams of the upper Cache la Poudre River that 
were addressed in this study lie within the bounds of con-
gressionally designated wilderness areas: Commanche 
Peak Wilderness designated in 1980 and Rocky Mountain 
National Park designated in 2009. Additionally, the river 
corridor was designated as a Wild and Scenic River in 
1986, which provides water resource protections that pre-
clude impoundments or disturbances to the hydrology or 
riparian condition along the corridor.

Approximately 20 km downstream from its source, the 
Cache la Poudre River enters Big South Canyon, where a 
series of natural bedrock waterfall features have been rec-
ognized as potential candidates to serve as the downstream 
boundary of the Poudre Headwaters Project (Figure  1). 
These waterfalls are associated with named class IV–V 
whitewater rapids, with vertical drop heights ranging 
roughly 1–3 m at base-flow levels. Some rapids consist of 
multiple vertical cascades that are separated by step pools, 
which could serve as resting areas for trout. Additionally, 
there are side channels beside some rapids, which could 
provide temporary alternate movement paths for trout at 
high-river stages. Based on the waterfall locations, we se-
lected 11 Brook Trout sampling reaches (length ranging 73–
997 m) that were positioned longitudinally along a 33-km 
segment of the Cache la Poudre River, extending upstream 
from the mouth of Big South Canyon to the river's origin at 
the Continental Divide. The sampling locations were cho-
sen so that each adjacent reach was separated by a waterfall 
feature, with one reach positioned above and below each 
waterfall. This was not always possible due to practical con-
straints during fieldwork, and one reach pair is separated 
by two waterfall features (Figure 1, reaches 5–6).

Sample collection and laboratory 
genotyping

In September and October of 2022, Brook Trout tis-
sue samples were collected by hook-and-line sampling 
(reaches 3, 4, 6, 7), backpack electrofishing (reaches 2, 9, 
10, 11), or both methods (reaches 1, 5, 8). All the fish were 
measured for total length, and anal fin clips were collected 
before releasing the fish alive to the site of capture. Fin 
clips were dried on chromatography paper and stored in 
individual coin envelopes. To avoid genetic sampling of 
closely related individuals, length-frequency distributions 
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were constructed for each reach prior to laboratory work 
and individuals presumed to be age-0 were excluded 
from genotyping (Whiteley et al. 2012). The Brook Trout 
were genotyped at 12 previously described microsatellite 
loci: SfoC113, SfoC115, SfoC129, SfoC38, SfoC88, SfoD91, 
SfoB52, SfoC24, SfoC28, SfoC79, SfoC86, and SfoD75 
(King et al. 2012). The number of genotyped fish per reach 
ranged from 20 to 25 (Table S3). Genomic DNA was ex-
tracted using Qiagen Dneasy Blood and Tissue Kits fol-
lowing the manufacturer's protocol. The microsatellite 
markers were amplified using polymerase chain reaction 
(PCR) in two 10-μL multiplexes, each containing 2 μL 
genomic DNA, 5 μL Qiagen Multiplex PCR Mastermix, 
0.04–0.1 μL each of forward and reverse PCR primer 
(Table S4), and 2.18–2.2 μL nuclease free water. The ther-
mal profile for PCR amplification consisted of denaturing 
at 95°C for 15 min, 35 cycles of denaturation at 95°C for 

45 s, annealing at 56°C for 45 s, and extension at 72°C for 
2 min, followed by a final extension of 60°C for 30 min. 
Following amplification, the PCR products were treated 
with a solution of formamide and GeneScan 600 LIZ size 
standard (Thermofisher Scientific) and visualized using 
an Applied Biosystems 3500 genetic analyzer. The alleles 
were scored using GeneMapper version 6.

Population genetic analysis

We implemented a suite of analyses to examine whether ge-
netic patterns among sampling reaches that are separated  
by waterfalls indicate restricted upstream movement. Pri
or to analysis, the microsatellite genotypes were assessed 
for potential scoring errors caused by stutter products or 
large allelic dropout using Micro-Checker version 2.2.3 

F I G U R E  1   A map of the study area showing Brook Trout sampling reaches (numbers) and the locations of waterfalls associated with 
named whitewater rapids (names). Included are photographs of three representative waterfalls. The main stem of the Cache la Poudre River 
is represented by a thick blue line (flow direction: North), and its tributaries are shown as thin black lines. The photographs were provided 
by Matthew Fairchild (top and middle) and Taylor Stack (bottom).
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(Van Oosterhout et al. 2004). We tested for deviations from 
Hardy–Weinberg equilibrium with 1000 Monte Carlo 
permutations using the R package pegas (Paradis  2010) 
and applied a Bonferroni correction for multiple testing 
comparisons across 132 tests. At each reach, mean rare-
fied allelic richness (RS) and allele frequencies were cal-
culated using the R package PopGenReport (Adamack 
and Gruber  2014) and observed (HO) and expected (He) 
heterozygosity were calculated using the R package hierf-
stat (Goudet 2004). To test for reduced genetic diversity at 
farther upstream reaches, linear regression was applied in 
R (R Core Team 2023) to assess the relationships between 
reach-specific RS, HO, and He and channel distance up-
stream from the lower-most sampling reach. Longitudinal 
variations in allele frequencies along the river corridor 
were examined in relation to the waterfall locations to as-
sess whether certain alleles were exclusive to downstream 
reaches and absent above potential barriers, a pattern that 
would suggest restricted upstream movement. We con-
ducted additional evaluations of each waterfall by aggre-
gating the data across all sampling reaches and calculating 
the expected number of distinct alleles present in random 
subsamples of equal size (i.e., total rarefied allelic rich-
ness) downstream and upstream of each waterfall using 
the rarefaction procedure of Hurlbert  (1971) as imple-
mented in PopGenReport. The number of alleles sampled 
for rarefaction was 40, reflecting the minimum pooled 
sample size among downstream and upstream sample 
aggregates.

We quantified genetic differentiation between all pairs  
of sampling reaches using pairwise Fst (Weir and 
Cockerham 1984) and D (Jost 2008). Differentiation esti-
mates and their corresponding 95% confidence intervals 
were calculated using the R packages diveRsity (Keenan 
et  al.  2013) for D and hierfstat for Fst. Estimates for Fst 
and D were considered significant if their 95% confi-
dence intervals did not overlap zero. Two genetic clus-
tering algorithms were applied to further examine the 
population structure in the study area. The first method, 
STRUCTURE version 2.3.4 (Pritchard et al. 2000), uses a 
Bayesian approach to assign individuals to likely genetic 
clusters based on shared patterns of multilocus genetic 
variation. We evaluated the likelihood of 1–11 genetic 
clusters (K), with five independent STRUCTURE runs 
performed for each K. All runs consisted of a burn-in 
period of 50,000 iterations followed by 200,000 Markov 
chain–Monte Carlo iterations, specifying the admixture 
model, correlated allele frequencies, and sampling loca-
tions as priors. Individual cluster assignment plots were 
assessed visually, and the most plausible number of ge-
netic clusters was determined by assessing the mean 
log likelihood of K (L[K]; Pritchard et al. 2000) and ΔK 
(Evanno et  al.  2005). The second clustering method, 

discriminant analysis of principle components (DAPC; 
Jombart et al. 2010), defines clusters of genetically similar 
individuals using a multivariate approach. To determine 
the number of principal components to retain for DAPC, 
we used the optim.a.score function from the R package 
adegenet (Jombart 2008). We identified de novo genetic 
clusters using the find.clusters function from adegenet to 
evaluate K = 1–11 genetic clusters. Following Jombart and 
Collins  (2015), we chose the optimal number of genetic 
clusters as the value of K at which the rate of decrease 
in the Bayesian information criterion began to plateau. 
In addition to evaluating the de novo genetic clusters, we 
constructed a DAPC ordination plot to visualize the ge-
netic segregation of individuals that were grouped a priori 
by sampling location.

RESULTS

A total of 269 Brook Trout were genotyped at 12 microsat-
ellite loci (Table S3), and all loci were polymorphic. After 
Bonferroni correction, we detected no deviations from the 
Hardy–Weinberg equilibrium across all loci and reaches. 
Micro-Checker revealed no evidence of stutter products 
or large allelic dropout, suggesting a lack of allele-scoring 
errors. Across all reaches, expected heterozygosity (He) 
ranged from 0.63 to 0.66 (mean 0.65), observed heterozy-
gosity (HO) ranged from 0.60 to 0.67 (mean 0.62), and rar-
efied allelic richness (RS) ranged from 5.37 to 6.19 (mean 
5.78). Generally, genetic diversity was lower at farther 
upstream reaches (Figure 2), with linear regression show-
ing significant negative relationships between distance 
upstream (m) and RS (p = 0.017) and He (p = 0.045) but 
not HO (p = 0.44). The pairwise Fst and D values indicated 
minimal genetic differentiation among sampling reaches. 
Estimates of pairwise Fst ranged from −0.010 to 0.025, with 
a mean of 0.005, and the estimates of D ranged from −0.012 
to 0.020, with a mean of 0.003 (Table S1). Only 9 of the 
55 pairwise Fst comparisons between sampling reaches 
yielded significantly positive estimates, and no pairwise 
D values were significantly positive. Of the nine signifi-
cantly positive Fst estimates, seven were associated with 
the uppermost reach (reach 11), indicating modest genetic 
isolation of this reach relative to the rest of the study area. 
Longitudinal variations in the frequencies of specific al-
leles along the river corridor exhibited no clear patterns 
to suggest that upstream movement is restricted by any of 
the waterfalls (Figure S1). Using aggregated data across all 
sampling reaches, most waterfalls showed slightly fewer 
distinct alleles present upstream than downstream (mean 
2.08 fewer alleles upstream) and Kondratieff Falls showed 
the greatest discrepancy, with an estimated 9.45 fewer al-
leles upstream than downstream (Table S2).
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Genetic clustering analyses provided minimal evi-
dence of distinct genetic groups in the study area. From 
our STRUCTURE results, the mean log probability of 
the data decreased as the number of genetic clusters in-
creased from K = 1 to 11, providing the most support 
for K = 1 (Figure  3A). Because the ΔK method (Evanno 
et al. 2005) for identifying the optimal K is unable to verify 
K = 1 (Evanno et al. 2005; Gilbert 2016; Janes et al. 2017), 
this method was not used to determine genetic clusters 
(Figure  S2). Although our assessment of the mean log 
probability of K supports K = 1, a visual examination of the 
STUCTURE individual assignment plot assuming K = 2 
indicated some genetic isolation of reach 11 (Figure 3B). 
The optimal number of principal components to retain for 
DAPC was determined to be 48, and de novo DAPC clus-
ter identification showed a steep decline in the values for 
the Bayesian information criterion until K = 4, indicating 
4 as the optimal number of genetic clusters (Figure 4A). 
However, visualization of individual membership proba-
bilities to each cluster as they relate to the sampling lo-
cations revealed no spatial segregation of genetic clusters 

that were identified by DAPC (Figure 4C). Separately, an 
ordination plot of DAPC clusters defined a priori as sam-
pling locations showed substantial overlap in ordination 
space among all reaches, with reach 11 showing moderate 
isolation relative to the rest of the study area (Figure 4B). 
Overall, we found no evidence that any of the existing wa-
terfalls served as complete movement barriers.

DISCUSSION

Our evaluation revealed a lack of barrier-driven genetic 
differentiation among stream reaches that are separated 
by waterfalls. Furthermore, longitudinal patterns in allele 
frequencies along the river corridor showed no discernable 
patterns to suggest that upstream movement is substan-
tially restricted. These results support the possibility of at 
least minimal upstream movement by Brook Trout along 
this river segment, with none of the natural waterfalls 
under evaluation showing genetic evidence of being im-
passable barriers. We observed a general trend of increasing 

F I G U R E  2   Relationships between measures of reach-specific genetic diversity of Brook Trout and hydrologic distance upstream from 
the lowermost reach (reach 1) in the Cache la Poudre River, Colorado, USA. Refer to Figure 1 for reach locations.

F I G U R E  3   STRUCTURE results for Brook Trout collected from 11 reaches along a 33-km segment of Colorado's upper the Cache la 
Poudre River showing support for K = 1, with some moderate genetic isolation of reach 11: (A) mean log probability of the data, L(K), for 
each of K = 1–11. Error bars indicate standard deviation. (B) STRUCTURE bar plot showing individual membership probabilities to K = 2 
genetic clusters with sampling locations ordered longitudinally from downstream (left) to upstream (right) on the x-axis. Each Brook Trout 
is represented as a vertical bar whose colors correspond to the probability of assignment to each of two genetic clusters.
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genetic diversity at farther downstream reaches (Figure 2), 
which aligns with the results of previous studies on stream 
fishes (Wofford et al. 2005; Hanfling and Weetman 2006; 
Neville et  al.  2006; Deiner et  al.  2007; Lamphere and 
Blum  2011). In dendritic stream networks, this pattern 
may arise from biased fish dispersal in the downstream 
direction and the accumulation of unique genotypes from 
the convergence of different tributaries in the network 
(Thomaz et  al.  2016). Barriers can contribute to direc-
tional asymmetries in fish movement, but downstream-
biased dispersal is common in many stream fishes even 
in the absence of barriers (Hanfling and Weetman 2006; 
Lamphere and Blum 2011), which can result from passive 
displacement of fish during high-flow events (Morrissey 

and Ferguson  2011) or density-dependent dispersal 
(Fraser et  al.  2004). This downstream bias is typical for 
many fishes, but there is evidence that Brook Trout ex-
hibit a unique tendency for upstream movement; several 
studies have reported upstream-biased dispersal by Brook 
Trout (Peterson and Fausch 2003; Hansbarger et al. 2010; 
Gutowsky et  al.  2023) even in steep headwater streams 
(Adams et  al.  2000). Importantly, Brook Trout typically 
use uppermost headwater tributaries for spawning (Witzel 
and MacCrimmon 1983) and the higher genetic diversity 
farther downstream in our study area likely resulted in 
part from colonization of downstream sites from different 
spawning locations in the dendritic network, including 
tributaries that converge with the Cache la Poudre River 

F I G U R E  4   Results for discriminant analysis of principle components (DAPC) for Brook Trout collected from 11 reaches along a 33-km 
segment of Colorado's upper the Cache la Poudre River: (A) changes in Bayesian information criteria (BIC) with increasing K, indicating 
K = 4 de novo genetic clusters. (B) DAPC ordination plot with genetic clusters defined a priori as sampling locations, showing moderate 
genetic segregation of reach 11. PCA = principle components analysis; DA = discriminant analysis. (C) Individual posterior assignment 
probabilities for each of K = 4 de novo genetic clusters, showing a lack of spatial genetic segregation among identified clusters. Individual 
Brook Trout are represented by vertical bars, with colors denoting the probability of assignment to each genetic cluster and sampling 
locations ordered longitudinally from downstream (left) to upstream (right) on the x-axis.
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downstream from the study area. In this case, impassable 
barriers along our study segment would be expected to 
produce discernible longitudinal genetic patterns because 
downstream-sourced genetic variation would be present 
at lower sites but absent above barriers. Therefore, it is 
likely that our suite of analyses would have detected some 
genetic evidence of restricted upstream movement if any 
of the evaluated waterfalls provides a complete barrier.

The lack of genetic evidence for barriers is consistent 
with previous observations of fish passage in the study 
area; two of the waterfalls in our evaluation, Starter Fluid 
and Kondratieff Falls (Figure 1), have previously been ex-
amined in mark–recapture fish passage studies. From 2019 
through 2022, U.S. Forest Service personnel administered 
PIT tags to 1284 Brook Trout and released them below 
Starter Fluid, the waterfall that was originally selected 
as the downstream barrier for the Poudre Headwaters 
Project. A stationary PIT antenna that was positioned di-
rectly above the waterfall detected upstream passage of 
tagged fish, and tagged fish were recaptured upstream of 
the falls (Fairchild, unpublished data). Movement past 
this waterfall varied by season, so it is possible that sea-
sonal variations in flow provide temporary opportunities 
for upstream passage by reducing the drop height, in-
creasing the plunge pool depth, or filling an intermittent 
side channel. Details of this fish passage study at Starter 
Fluid will be reported in a separate article. Upstream 
movement of Brook Trout past Kondratieff Falls was also 
demonstrated by Myrick and Kondratieff (2004), who re-
leased 626 marked Brook Trout below the waterfall and 
subsequently recaptured three of these marked fish above 
the falls. Interestingly, our genetic results suggest that 
Kondratieff Falls is the most likely waterfall in the study 
area to impede upstream fish movement. This waterfall 
showed the greatest reduction in total allelic richness from 
downstream to upstream (Table S2), and sampling reach 
11, which is separated from the rest of the study area by 
Kondratieff Falls (Figure 1), was the most genetically dis-
tinct reach based on the Fst and cluster analyses (Table S1; 
Figures  3B and 4B). Nevertheless, even small numbers 
of migrants (<10 individuals per generation) have been 
shown to significantly reduce the genetic differentiation 
between Brook Trout groups (Nathan et al. 2017), and low 
pairwise Fst estimates (a maximum value of 0.02 between 
reaches 11 and 7), along with a lack of quantitative sup-
port for distinct genetic clusters, highlight that reach 11's 
genetic isolation is weak. This reach is also the most spa-
tially isolated sampling location in our study, and isolation 
by distance may contribute to its slight genetic distinction 
aside from partial barrier effects.

The tendency of specific waterfall features to restrict 
fish passage is influenced by many factors, including the 
physical characteristics of waterfalls and the size and 

swimming ability of fish. In general, larger drop heights, 
shallower plunge pool depths, and smaller individual 
fish sizes reduce the probability of upstream fish passage 
across barriers (Stuart 1962; Kondratieff and Myrick 2006). 
A limited number of studies have attempted to quantify 
the jumping ability of Brook Trout and identify barrier-
height thresholds to restrict fish passage. In a laboratory 
experiment, Kondratieff and Myrick  (2006) reported a 
0.74-m maximum jump height for Brook Trout <34 cm in 
total length. However, Adams et  al.  (2001) documented 
a 21-cm Brook Trout ascending a 1.5-m waterfall based 
on mark–recapture observations, highlighting that the 
maximum observed jumping performances in laboratory 
studies do not always reflect the behavior of fish in the 
wild. Timm et al. (2015) applied population genetic anal-
yses to estimate a barrier-height threshold for influencing 
Brook Trout gene flow, reporting that genetic diversity and 
Fst were not significantly affected by barriers with drop 
heights of less than 4 m. Our results are consistent with 
this 4-m threshold, as none of our evaluated waterfalls ex-
ceed this height.

Our work demonstrates the utility of genetic tech-
niques for evaluating fish barriers in an applied man-
agement scenario. Genetic patterns are informative 
about migration trends over long timescales (Allendorf 
et al.  2022) and account for a wider range of individual 
movement abilities and past flow conditions compared 
to  studies that rely on direct observation of individual 
fish. Although traditional fish passage studies are useful 
for site-specific understanding of seasonal or hydrologic 
limits to fish passage, a primary advantage of our genetic 
approach is that it allowed for a rapid assessment of many 
potential barrier sites simultaneously, without incurring 
the time and personnel costs of mark–recapture methods, 
which require multiple visits to sites over time. However, it 
is important to note that inferences of fish dispersal based 
on genetic methods can be confounded by factors such as 
stocking history, unauthorized fish movement, and lim-
ited sampling. Additionally, the detection of restricted 
upstream movement based on longitudinal variations in 
allele frequencies relies on the existence of alleles that are 
exclusive to downstream sites and absence upstream of 
barriers (Sundqvist et al. 2016). In certain cases, such as 
when most of a region's genetic diversity originates from 
upstream sources, barriers may be present but undetect-
able due to a deficiency of unique downstream alleles. 
However, in our study the observed increase in genetic 
diversity farther downstream suggests an accumulation of 
downstream-sourced genetic variation from tributary con-
fluences, which would increase the likelihood of detecting 
existing barriers along the study segment.

Overall, this genetic assessment provided no evidence 
that any of the evaluated waterfalls are complete upstream 
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barriers to Brook Trout. Our results, along with observed up-
stream passage of fish over some of the waterfalls (Myrick 
and Kondratieff 2004; Fairchild, unpublished data), lead us 
to conclude that none of these waterfalls in their unaltered 
states should be considered adequate to isolate habitat in 
the Poudre Headwaters Project reintroduction area. To suc-
cessfully reintroduce and establish a Greenback Cutthroat 
Trout population, it is likely that Starter Fluid, the water-
fall that was originally selected to bound the project area 
(U.S. Forest Service  2009), would need to be modified to 
serve as a complete barrier to nonnative trout invasion. 
However, the decision to modify natural habitat features 
in a designated wilderness area must be carefully weighed 
against the benefits of restoring native trout populations. 
We believe that this trade-off will continue to be common 
because current and future efforts to conserve native inland 
trout often occur in wilderness headwaters and require 
physical barriers. Our research serves as a case study on the 
use of molecular tools as a rapid assessment technique to 
inform fisheries and other natural resources management 
decisions based on the best available science.
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