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A B S T R AC T
Objective:  Understanding how riverscape features influence gene flow is critical for managing population connectivity in freshwater species. 
We examined how landscape and stream characteristics shape the spatial genetic structure of nonnative Brook Trout Salvelinus fontinalis in a 
headwater stream network proposed for reintroduction of federally threatened Greenback Cutthroat Trout Oncorhynchus virginalis stomias. 
Brook Trout were studied to evaluate the suitability of this habitat for supporting a native trout metapopulation.
Methods:  We genotyped 757 Brook Trout from 22 sites across a 60-​km stream network using 12 microsatellite loci. Spatial genetic structure 
was assessed using clustering analysis (program STRUCTURE) and pairwise differentiation metrics (FST and Jost’s D). A spatial network 
modeling approach was used to quantify the effects of riverscape features (e.g., stream gradient, stream order, waterfalls, and flow direction) 
on trout gene flow.
Results:  Genetic clustering identified four distinct tributary groups, while estimates of pairwise genetic differentiation indicated some 
genetic connectivity across the network (mean FST = 0.04; mean Jost’s D = 0.06). Trout gene flow was impeded by waterfalls, steep stream 
gradients, and increased hydrologic distance. Higher stream order and downstream flow direction were associated with stronger gene flow, 
and stream segments containing waterfalls and steeper gradients showed greater asymmetries between upstream and downstream gene flow.
Conclusions:  Brook Trout populations in this stream network are spatially structured, but gene flow persists and is mediated by physical 
riverscape features and hydrologic distance. The observed patterns of genetic connectivity suggest that this habitat can support connectiv-
ity among populations of reintroduced Greenback Cutthroat Trout. In future native trout reintroduction efforts, prioritizing habitats with 
gradual stream gradients and fewer waterfalls would promote population connectivity.
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L A Y  S U M M A R Y
Riverscape features influence patterns of connectivity among invasive Brook Trout populations in a future native trout reintroduction area. 
Current levels of gene flow suggest that this habitat could support connected populations of reintroduced native trout.
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I N T RO DU C T IO N
There is a broad consensus among conservation biologists 
that population connectivity promotes resilience and viability 
in many species (Allendorf et al., 2022; Christie & Knowles, 

2015; Correa Ayram et al., 2016; Hodgson et al., 2011; Keeley 
et al., 2018; Shao et al., 2019). In freshwater systems, genetic 
connectivity is shaped by numerous factors, including habitat 
heterogeneity, species life history, and the presence of natural or 
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anthropogenic barriers to movement (Davis et al., 2018). Gene 
flow of riverine species is further influenced by the linear struc-
tures of stream networks, where dendritic architectures and 
asymmetric streamflow create patterns of isolation and con-
nectivity based on network positioning. For instance, upstream 
ends of network branches are often genetically isolated, while 
regions farther downstream near network confluences experi-
ence greater connectivity (Thomaz et al., 2016; White et al., 
2020). The field of riverscape genetics seeks to understand how 
riverscape characteristics influence gene flow and shape the 
genetic structure of aquatic populations (Davis et al., 2018). By 
identifying the effects of specific riverscape features on popula-
tion connectivity, riverscape genetics can provide insights into 
the processes driving genetic diversity, local adaptation, and 
population viability (Balkenhol et al., 2015; Davis et al., 2018). 
This knowledge is crucial for managing genetic connectivity in 
stream networks to promote population resilience and adaptive 
potential, particularly in the face of ongoing habitat fragmenta-
tion and environmental change.

Riverscape genetics is particularly relevant for informing 
conservation strategies for native inland salmonid species, 
which have become increasingly confined to small headwater 
catchments due to habitat fragmentation and nonnative species 
introductions (Fausch et al., 2009; Gresswell, 2011; Roberts 
et al., 2017; Nordberg et al., 2021). Recovery efforts for these 
species often involve the reintroduction of native fish into head-
water habitats that are devoid of nonnative competitors and iso-
lated from invasion by barriers (Novinger & Rahel, 2003). Such 
efforts have successfully restored populations of several native 
trout species, including Apache Trout Oncorhynchus apache 
(U.S. Fish and Wildlife Service, 2009), Lahontan Cutthroat 
Trout O. henshawi (Lahontan Cutthroat Trout Coordinating 
Committee, 2019), Colorado River Cutthroat Trout O. virgina-
lis pleuriticus (Young, 2008), and Greenback Cutthroat Trout 
O. v. stomias (Greenback Cutthroat Trout Recovery Team, 
2019). However, reintroductions may be less successful when 
recovery habitats are small and fragmented (Harig et al., 2000; 
Hayes & Banish, 2017). Smaller habitats are less likely to have 
sufficient habitat complexity to provide resilience to stochas-
tic disturbance events such as wildfires, floods, and droughts 
(Harig & Fausch, 2002), and isolation by barriers, while neces-
sary to prevent encroachment by nonnative competitors, has 
the deleterious effect of preventing the demographic rescue 
of declining populations through immigration. Furthermore, 
low genetic diversity in available broodstocks of some native 
species could limit the success of reintroduction efforts due to 
inbreeding depression (Bell et al., 2024; Biermann & Havlick, 
2021; Rogers et al., 2022). Thus, selecting reintroduction habi-
tats with larger patch sizes and sufficient population connec-
tivity could help buffer against genetic drift and improve the 
success of native fish recovery efforts (Dunham et al., 2014; 
Pennock et al., 2024).

Identifying suitable reintroduction areas for target species 
relies on understanding the factors that influence popula-
tion connectivity in the species of interest. However, directly 
studying riverscape-​scale connectivity may be impossible 
for narrowly distributed species for which occupied habitats 
of sufficient size do not exist (Wenger, 2008). For example, 
Greenback Cutthroat Trout, a salmonid native to Colorado’s 

South Platte River basin, experienced a dramatic decline in the 
late 1800s due to factors including mining pollution, stream 
dewatering for agriculture, angler harvest, and introductions 
of nonnative salmonids (Harig et al., 2000; Young & Harig, 
2001; Greenback Cutthroat Trout Recovery Team, 2019). As 
a result, Greenback Cutthroat Trout were reduced to a single 
population occupying 7 km of first-​order stream by the early 
2000s (Metcalf et  al., 2012). Despite this near extinction, 
hatchery-​reared individuals have since been reintroduced into 
fewer than 10 reclaimed habitat patches (Rogers et al., 2022), 
and managers aim to establish additional viable populations to 
promote redundancy (Greenback Cutthroat Trout Recovery 
Team, 2019). However, the habitat patches that harbor current 
extant Greenback Cutthroat Trout populations are small and 
geographically isolated, providing no opportunities to directly 
study the factors that influence riverscape-​scale population 
connectivity in this species. In the absence of large, extant 
metapopulations of Greenback Cutthroat Trout, other salmo-
nid species that are more widely distributed and have similar 
dispersal abilities can be studied as surrogate species to gener-
ate working hypotheses about factors influencing population 
connectivity in Greenback Cutthroat Trout. For instance, pro-
posed reintroduction habitats for Greenback Cutthroat Trout 
are often occupied by nonnative Brook Trout Salvelinus fonti-
nalis, which could be studied to help predict future patterns of 
genetic connectivity among reintroduced native trout.

The value of surrogate species in conservation has been 
debated because even closely related species may not respond 
identically to environmental stressors or management actions 
(Che-​Castaldo & Neel, 2012; Henry et  al., 2019; Reemeyer 
et al., 2024). A fundamental requirement of surrogate species 
approaches is that the surrogate exhibits sufficient similarity 
to the target species in the specific biological processes being 
examined (Lindenmayer & Likens, 2011). Despite differences 
in seasonal spawn timing, Brook Trout and Rocky Mountain 
Cutthroat Trout O. virginalis share key characteristics relevant 
to riverscape-​scale population connectivity. The two species 
are morphologically similar and display overlapping ranges of 
swimming performance (Katopodis & Gervais, 2012) and sim-
ilar swimming speeds among wild specimens (Castro-​Santos 
et al., 2013; Blank et al., 2020). Additionally, upstream-​biased 
spawning movements have been observed in western North 
American populations of both species (Peterson & Fausch, 
2003; Young, 2011). Although differences in spawn timing 
could cause seasonal variation in how these species interact 
with certain riverscape features (e.g., due to differences in 
stream discharge during seasonal prespawn movements), avail-
able data suggest no strong evidence of substantial differences 
in movement capacity or dispersal potential between Brook 
Trout and Rocky Mountain Cutthroat Trout (Katopodis & 
Gervais, 2012; Castro-​Santos et al., 2013; Blank et al., 2020). 
Thus, we consider Brook Trout a useful surrogate for predicting 
patterns of spatial genetic structure in reintroduced Greenback 
Cutthroat Trout and for understanding how physical habitat 
features influence genetic connectivity in native trout reintro-
duction areas.

In this study, we examined the spatial genetic structure of 
nonnative Brook Trout occupying a 60-​km headwater stream 
network proposed for future reintroduction of Greenback 
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Cutthroat Trout. A long-​term management goal is to establish 
a metapopulation of Greenback Cutthroat Trout in this water-
shed, but the degree of genetic connectivity across the stream 
network was unknown prior to our study. Using Brook Trout as 
a surrogate species, we studied salmonid gene flow throughout 
this riverscape to evaluate its potential to support a metapopu-
lation of native trout. We applied a recently developed statisti-
cal framework for riverscape genetics (White et al., 2020) to 
quantify the effects of specific riverscape features on salmonid 
gene flow and estimate levels of migration throughout the net-
work. This information is critical for assessing the feasibility of 
establishing a robust metapopulation of Greenback Cutthroat 
Trout in the reintroduction area. Our results can also inform 
the management of Brook Trout in their native range, where 
populations have declined due to habitat loss, climate change, 
and nonnative species introductions (Poplar-​Jeffers et al., 2009; 
White, Rash, & Kazyak, 2023). Current native Brook Trout 
habitats are highly fragmented (Hudy et al., 2008; Torterotot 
et al., 2014; Whiteley et al., 2013), making it difficult to study 
riverscape-​scale connectivity among native Brook Trout popu-
lations (but refer to Petty et al., 2012 and White et al., 2020). 
Thus, our study represents a rare opportunity to characterize 
the genetic structure of Brook Trout in a large, unfragmented 
habitat network.

M E T HO D S
Study area

This study was conducted in a dendritic stream network com-
prising the uppermost portion of the Cache la Poudre River 
watershed in Colorado, located in Rocky Mountain National 

Park and Arapaho and Roosevelt National Forests. The net-
work encompasses 60 km of headwater stream habitat that 
was historically occupied by Greenback Cutthroat Trout and 
is now targeted for reintroduction of this important conser-
vation species. Major tributary streams to this section of the 
upper Cache la Poudre River include Corral Creek, Willow 
Creek, Hague Creek, and La Poudre Pass Creek (Figure 1). 
Long Draw Reservoir is an impoundment on La Poudre Pass 
Creek that was constructed for water supply in 1929, and the 
dam at the terminal end of the reservoir blocks upstream fish 
passage. Water release from the reservoir typically occurs 
between June and October and ceases in the autumn, causing 
the section of stream below the reservoir to experience a cycle 
of augmented flow during the summer and dewatering from 
November to May each year. Our study streams are occupied 
primarily by Brook Trout, with the occasional occurrence of 
hybridized nonnative cutthroat trout (e.g., Colorado River 
Cutthroat Trout × Yellowstone Cutthroat Trout O. v. bouvieri) 
of hatchery origin (Harris et al., 2022). According to historical 
stocking records, Brook Trout stocking occurred on the main 
stem of the Cache la Poudre River within and downstream 
of the study area beginning in 1892, with one single stocking 
event documented in the Hague Creek tributary (Colorado 
Parks and Wildlife, unpublished data; U.S. Fish and Wildlife 
Service, unpublished data). Available records show no evidence 
of Brook Trout stocking after 1955.

Field sampling and genotyping
Between July and October in 2018 and 2019, we collected Brook 
Trout genetic samples from 22 sites by backpack electrofish-
ing (Figure 1; Table S1 [see online Supplementary Material]). 

Figure 1.  A map of the upper Cache la Poudre River watershed (flow direction: north) showing locations of nodes in the spatially 
structured ecological network. Observed nodes represent the locations of 22 Brook Trout sampling sites (refer to Table S1 [see online 
Supplementary Material] for definitions of site abbreviations). Unobserved nodes were placed at perennial tributary confluences and 
upstream of observed nodes.
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Sampling sites were approximately 100 m in length. Multiple 
sites were sampled along each major tributary drainage to char-
acterize potential within-​tributary genetic variation and ensure 
broad spatial coverage across the network. All fish were mea-
sured for total length, and anal or caudal fin clips were collected 
before releasing fish alive to the site of capture. Fin clips were 
dried on chromatography paper and stored individually in coin 
envelopes. To minimize sampling of closely related individu-
als (Whiteley et al., 2012), we avoided collecting fin clips from 
age-​0 individuals.

Brook Trout were genotyped at 12 microsatellite loci: 
SfoC113, SfoC115, SfoC129, SfoC38, SfoC88, SfoD91, SfoB52, 
SfoC24, SfoC28, SfoC79, SfoC86, and SfoD75 (King et al., 2012). 
We randomly subsampled 35 individuals per site across size-​
classes for genetic analysis; if fewer than 35 individuals were 
captured, all individuals were genotyped (minimum sample 
size = 29). Prior to subsampling, length frequency histo-
grams were visually inspected to ensure the exclusion of age-​0 
individuals. Genomic DNA was extracted from Brook Trout 
fin clips using Qiagen Dneasy Blood and Tissue Kits follow-
ing the manufacturer’s protocol. Microsatellite markers were 
amplified using polymerase chain reaction (PCR) in two 10-​
µL multiplexes, each containing 2 µL of genomic DNA, 5 µL 
of Qiagen Multiplex PCR Mastermix, 0.04–0.1 µL of each 
forward and reverse PCR primer (10 µM), and 2.18–2.2 µL 
of nuclease free water. The thermal profile for PCR amplifica-
tion 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, 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. Alleles were scored 
using GeneMapper version 6.

Genetic diversity and spatial population structure
Because deviations from Hardy–Weinberg expectations can 
bias analyses of genetic structure and may indicate the pres-
ence of null alleles, genotyping errors, or underlying sub-
structure (Hao & Storey, 2019; Pritchard et al., 2000; White 
et al., 2020), we tested for site-​level deviations from Hardy–
Weinberg equilibrium with 1,000 Monte Carlo permutations 
using the R package “pegas” (Paradis, 2010) and applied a 
Bonferroni correction for multiple comparisons across 264 
tests in R (R Core Team, 2023). The R package “hierfstat” 
(Goudet, 2005) was used to calculate site-​specific expected 
heterozygosity (HE), observed heterozygosity (HO), inbreed-
ing coefficient (FIS), and rarefied allelic richness (A; rarefied 
to 58 alleles). We measured genetic differentiation between all 
pairs of sampling sites using pairwise FST (Weir & Cockerham, 
1984) and D (Jost, 2008) using the R packages “hierfstat” for 
FST and “mmod” (Winter, 2012) for D. The use of FST, which 
is widely used in landscape genetics (Davis et al., 2018; Funk 
et al., 2005; Kanno et al., 2011; White et al., 2020), quanti-
fies genetic structure as a function of heterozygosity and near-
ness to fixation, whereas Jost’s D provides a measure of actual 
allelic differentiation among populations (Jost, 2008; Jost 
et  al., 2018). Thus, we opted to use both metrics to capture 
complementary aspects of population structure.

To investigate the spatial distribution of genetic groups 
throughout the stream network, we used the program 
STRUCTURE version 2.3.4 (Pritchard et al., 2000), a Bayesian 
clustering algorithm that groups genetically similar individuals 
based on multilocus genotypes. Across the entire study area, we 
evaluated K = 1–22 and determined the number of genetic clus-
ters best supported by the data using the highest values of the 
likelihood of K (L[K]; Pritchard et al., 2000) and ΔK (Evanno 
et al., 2005). To investigate hierarchical population structure 
in the study area, we performed additional STRUCTURE runs 
with subsets of study sites separated into the four largest tribu-
tary drainages in our study area: Corral Creek, Willow Creek, 
Hague Creek, and the upper Cache la Poudre River (Figure 1). 
All STRUCTURE runs consisted of 20,000 burn-​in iterations 
and 100,000 subsequent iterations with five replicates for each 
K, using the admixture model, correlated allele frequencies, 
and no location prior. We merged replicates of each K using the 
R package “pophelper” (Francis, 2017) and visualized individ-
ual cluster assignment probabilities using “ggplot2” (Wickham, 
2016). To further visualize spatial structure, we calculated site-​
level group membership proportions as the mean assignment 
probability for each STRUCTURE cluster across individuals 
within a site and overlaid resulting pie charts on a map of the 
study area.

Riverscape genetic analysis
We applied the bidirectional gene flow in riverscapes (BGR) 
model (White et  al., 2020) to examine the influences of six 
riverscape variables (Table 1) on Brook Trout gene flow. This 
approach models gene flow in stream networks with a genetic 
distance matrix as the response variable and riverscape vari-
ables as predictors, accounting for spatial autocorrelation 
within the dendritic network using a graph-​based spatial 
autoregressive model (White et al., 2020). The BGR framework 
involves discretizing study streams into a spatially structured 
ecological network (SSEN), a graph made up of nodes (points 
on the stream network) and edges (linear stream segments 
connecting nodes). The SSEN consists of both observed nodes 
(sampling sites) and unobserved nodes, which are positioned 
at tributary confluences to prevent network edges from over-
lapping (White et al., 2020; Nakajima et al., 2023). Under this 
framework, riverscape covariates are measured on each edge, 
and a matrix of genetic distances between sampling locations 
is modeled as a generalized Wishart distribution parameterized 
by a covariance matrix, which is dependent on measured river-
scape covariates and their regression coefficients (Hanks, 2017; 
McCullagh, 2009; Peterson et al., 2019; White et al., 2020).

To construct our SSEN, observed nodes were placed at all 
sampling locations, and additional unobserved nodes were 
placed at every perennial tributary confluence and upstream of 
each observed node, following White et al. (2020). Riverscape 
covariates (Table 1; Figure S1 [see online Supplementary 
Material]) were quantified on each edge of the SSEN using the 
R package “sf ” (Pebesma, 2018), with elevation data derived 
from a 1/3 arc-​second digital elevation model from the 3D 
Elevation Program (U.S. Geological Survey, 2023) and stream 
layers from the National Hydrography Dataset (U.S. Geological 
Survey, 2022). Stream order, a measure of a stream’s size based 
on its position in a branched network, was calculated using two 
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common methods introduced by Shreve (1966) and Strahler 
(1957). In deriving Shreve’s and Strahler’s stream order, 
only streams on which we had sampling sites were included. 
Notable waterfalls (vertical drop height > 1.5 m) were identi-
fied at several locations in the stream network and defined as 
barriers (however, mark–recapture studies have demonstrated 
that at least two of our identified barriers do allow occasional 
upstream passage by Brook Trout [Myrick & Kondratieff, 2004; 
M. P. Fairchild, unpublished data]). Because vertical drops are 
known to impede fish passage in the upstream direction while 
allowing downstream movement (Nathan et al., 2019), we also 
tested an interaction term between barriers and flow direction. 
Similarly, high-​gradient stream segments often contain verti-
cal step falls that may disproportionately impede upstream 
movement, so we tested a plausible interaction between stream 
gradient and flow direction. Stream segments immediately 
downstream of the Long Draw Reservoir dam were defined as 
dam regulated. In this stream network, the hydrological impact 
of the Long Draw Reservoir dam diminishes farther down-
stream due to the increasing influence of free-​flowing tribu-
taries on the overall stream discharge. Therefore, we defined 
dam-​regulated stream segments only as those upstream of the 

confluence point between the Long Draw Reservoir outflow 
and the Cache la Poudre River (Figure S1) because this is a 
major confluence that greatly reduces the effect of dam regu-
lation on downstream hydrology. To ensure that riverscape 
covariates were on the same scale, nonbinary covariates were 
standardized from 0 to 1 by dividing each value by the maxi-
mum value for that covariate. All covariates were symmetric 
(i.e., the covariate value from node i to j is equal to the value 
from node j to i), with the exception of flow direction and its 
associated interaction terms.

We fit separate BGR models with two distinct genetic dis-
tance metrics as response variables: FST (Weir and Cockerham’s 
θ) and Jost’s D, allowing us to assess consistency of results across 
multiple measures of differentiation. To address potential col-
linearity among covariates, we calculated Pearson correlations 
between all covariates and excluded covariate pairs with a corre-
lation magnitude >0.3 from being included in the same model. 
In our data set, the only two covariates found to be collinear were 
Strahler’s and Shreve’s stream orders (Figure  S2). Following 
White et al. (2020), BGR models were run in R using a Markov 
chain–Monte Carlo (MCMC) sampler as implemented in the 
“rwc” package (Hanks, 2025) to estimate posterior distributions 

Table 1.  Descriptions of riverscape covariates tested for their effects on Brook Trout gene flow using the bidirectional gene flow in 
riverscapes model (White et al., 2020). Ranges of covariate values are shown before scaling.

Riverscape covariate Description Range of values Hypothesized effect on trout gene flow

Barriers The presence (1) or absence 
(0) of waterfalls with 
vertical drops ≥1.5 m 
occurring on edge i, j.

Binary The presence of complete or partial barriers to trout movement will 
reduce gene flow. Vertical drops block the upstream movement 
of Brook Trout (Kondratieff & Myrick, 2006; Gomez-Uchida et 
al., 2009; White et al., 2020), restricting gene flow and increasing 
genetic differentiation.

Mean stream 
gradient

The mean stream gradient of 
edge i, j, calculated as the 
ratio of elevation change 
(m) to distance (m).

0.003–0.257 Higher stream gradients will reduce gene flow. Steep stream 
gradients create resistance to upstream fish movement, leading to 
genetic differentiation (Davis et al., 2018; Nakajima et al., 2023).

Dam regulation Whether edge i, j is (1) or is 
not (0) a dam-​regulated 
stream segment.

Binary Dam-​regulated streams will reduce gene flow. Flow intermittency 
can isolate fish populations (Labbe & Fausch, 2000), and annual 
water release patterns from Long Draw Reservoir (Figure 1) 
result in seasonal dewatering and a large annual flow fluctuation 
downstream of the dam.

Flow direction Whether node i is upstream 
(0) or downstream (1) of 
node j.

Binary Gene flow will be stronger in the downstream direction. Trout 
dispersal is often biased in the downstream direction (Morrissey 
& Ferguson, 2011; Lamphere & Blum, 2012; White et al., 2020).

Shreve’s stream 
order

Shreve’s stream order 
(Shreve, 1966) of the 
stream segment 
containing edge i, j.

1–8 Gene flow will be stronger on higher-​order streams. High-​order 
main-​stem streams can serve as movement corridors that 
facilitate connectivity between intervening tributaries (White 
et al., 2020; Thomaz et al., 2016).

Strahler’s stream 
order

Strahler’s stream order 
(Strahler, 1957) of the 
stream segment 
containing edge i, j.

1–3 Gene flow will be stronger on higher-​order streams. Refer to 
hypothesis for Shreve’s stream order (above).

Barriers × direction Interaction between barriers 
and flow direction.

Binary Barrier presence will restrict upstream movement while allowing 
downstream movement, whereas barrier absence will reduce this 
directional disparity. Waterfalls are known to be more restrictive 
to fish passage in the upstream direction while allowing 
downstream movement (Nathan et al., 2019).

Gradient × direction Interaction between stream 
gradient and flow 
direction.

0.003–0.257 Steeper stream gradients will impede upstream movement while 
allowing downstream movement, whereas gradual gradients will 
reduce this directional disparity. Steeper stream gradients might 
be more restrictive to upstream movement due to the presence of 
step falls and a greater energy cost to gain versus lose elevation 
(Adams et al., 2000).
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of the regression coefficients for each covariate (i.e., their effects 
on trout gene flow). We implemented best subsets model selec-
tion (i.e., testing all possible combinations of noncollinear 
covariates), and models were ranked using deviance informa-
tion criteria (DIC). Models with fewer than four variables were 
run for 50,000 MCMC iterations with 25,000 burn-​in, and 
models with four or more variables were run for 100,000 itera-
tions with 50,000 burn-​in. Model convergence was verified by 
visual inspection of MCMC trace plots. To derive regression 
coefficients from the best models, we considered models within 
4 DIC values of the model with the lowest DIC as competing 
models (separately for FST and Jost’s D) (Anderson, 2008; Cain 
& Zhang, 2019) and averaged covariate effects across competing 
models using model weights (Wagenmakers & Farrell, 2004). 
Model-​averaged posterior distributions for covariate effects 
were obtained by randomly sampling values from the poste-
rior samples of competing models in proportions according to 
the models’ weights. For covariates present in only some of the 
competing models, model averaging was conditional, meaning 
that model weights were scaled so that the weights for models 
containing each covariate summed to 1.

Edge weights wi,j, representing the relative rate at which 
Brook Trout move from node i to node j, were quantified follow-
ing White et al. (2020) as a function of K riverscape covariates 
and their corresponding effects on trout gene flow:
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where β0 is the intercept term, βk is the model-​averaged mean 
of the posterior distribution of the effect of covariate k, and xi,j,k 
is the value of covariate k for the edge connecting nodes i and 
j. Covariate effects were considered statistically significant if 
their 95% credible intervals did not overlap 0, and only statisti-
cally significant covariate effects were included in the estima-
tion of edge weights. Edge weights are directed, such that wi,j 
need not equal wj,i, to accommodate potential asymmetries 
in migration rates based on flow direction and its interaction 
terms. The estimated resistance to gene flow for each edge was 
the inverse of the corresponding edge weight, and pairwise 
resistance distances between sampling sites were quantified 
as the cumulative sum of the resistance values of edges con-
necting pairs of sites. Isolation by resistance (IBR; McRae, 
2006) was investigated using Mantel tests to assess correla-
tions between pairwise genetic distances (both FST and Jost’s 
D) and resistance distances derived from edge weights. Because 
edge weights were directionally asymmetric, cumulative resis-
tance distances between site pairs were averaged across both 
directions for the IBR Mantel tests. Isolation by distance 
(IBD; Wright 1943) cannot be readily incorporated into the 
BGR model as a covariate (Hanks, 2017; White et al., 2020), 
so we evaluated IBD using Mantel tests to assess correlations 
between pairwise genetic distances and waterway distances 
between sampling sites. All Mantel tests were performed using 
the R package “vegan” (Dixon, 2003) with 9,999 permutations. 
To visualize IBD and IBR relationships, we created scatter-
plots comparing pairwise genetic distance with waterway and 

resistance distances between all site pairs and fit simple linear 
regression lines.

R E S U LT S
Genetic diversity and differentiation

Across 22 sites, a total of 757 individual Brook Trout were geno-
typed at 12 microsatellite loci. All loci were polymorphic, and 
deviations from Hardy–Weinberg equilibrium were minimal, 
with only one locus–site combination showing significant 
deviation (locus SfoD91 at site HAG2; Table S2), which did not 
warrant the exclusion of any markers. Site-​level HO ranged from 
0.51 to 0.69 with a mean of 0.61, HE ranged from 0.53 to 0.69 
with a mean of 0.62, and A ranged from 3.9 to 6.9 with a mean 
of 5.7 (Table S1). Measures of genetic diversity were lowest at 
sites in the Corral Creek drainage compared with the rest of 
the study area (mean values from Corral Creek sites: HO = 0.54, 
HE = 0.54, A = 4.1), suggesting possible genetic isolation of this 
tributary. Across all sites, mean pairwise FST was 0.04 with a 
maximum value of 0.12, and mean Jost’s D was 0.06 with maxi-
mum value 0.17 (Table S3), indicating substantial gene flow 
throughout the stream network. The two measures of pairwise 
genetic distance, FST and D, showed similar patterns of differen-
tiation among sites (Figure 2). Pairwise genetic distances were 
generally highest for comparisons with sites in the Corral Creek 
drainage, providing additional evidence for the genetic isola-
tion of this tributary.

Genetic clustering
Based on L(K) and ΔK, STRUCTURE results indicated that 
the number of genetic clusters best supported by our data was 
K = 4 (Figure S3). Although the largest value for ΔK occurred 
at K = 2, we concluded that K = 4 provides the best explana-
tion because (1) the ΔK method frequently identifies K = 2 
even when more genetic groups are present (Janes et al., 2017; 
Cullingham et al., 2020) and (2) K = 4 is supported in our data by 
the L(K) method and a peak in the ΔK plot at K = 4 (Figure S3). 
The four genetic clusters identified by STRUCTURE corre-
sponded with four major tributary drainages in our study area 
(Corral Creek, Willow Creek, upper Cache la Poudre River, and 
Hague Creek), with sites near the downstream confluence of 
these tributaries showing mixed representation from all four 
clusters (Figure 3). Assessments of hierarchical population 
structure within these tributary groups provided minimal evi-
dence of further genetic subdivision (Figure S4).

Effects of riverscape covariates on trout gene flow
The DIC model selection between BGR models using FST and 
Jost’s D as response variables identified four competing mod-
els for both response variables (Table 2). Five covariates con-
sistently appeared in all top competing models across both 
response variables: (1) flow direction, (2) stream gradient, 
(3) barriers, (4) dam regulation, and (5) the interaction term 
between barriers and flow direction (Table 2). Additional 
covariates present in only some competing models included 
Shreve’s stream order, Strahler’s stream order, and the interac-
tion term between stream gradient and flow direction.

Using pairwise FST as the response distance matrix, we found 
Brook Trout gene flow to be significantly reduced by barriers 
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(posterior mean = −4.96, 95% credible interval [CRI] = −7.39 
to −3.12) and steeper stream gradients (posterior mean = −1.97, 
95% CRI = −4.21 to −0.71). In contrast, gene flow was signifi-
cantly stronger in the downstream direction compared with 
upstream (posterior mean = 0.39, 95% CRI = 0.16–0.57) and in 
stream segments with higher Shreve’s stream orders (posterior 
mean = 0.56, 95% CRI = 0.00–1.18). Contrary to our hypoth-
eses (Table 1), gene flow was heightened in dam-​regulated 
stream segments (posterior mean = 0.49, 95% CRI = 0.18–0.78) 
(Table 3). A statistically significant interaction between barri-
ers and flow direction was also found (posterior mean = 4.86, 
95% CRI = 2.95–7.34), suggesting that the asymmetry between 
upstream and downstream movement was more pronounced in 
stream segments with barriers, while upstream and downstream 
movement were more equal on segments without barriers. No 
significant effects were detected for Strahler’s stream order 
(posterior mean = 0.36, 95% CRI = −0.19 to 0.89) or the inter-
action between stream gradient and flow direction (posterior 
mean = 0.87, 95% CRI = −0.57 to 2.46).

Results were similar from models using Jost’s D as the 
response variable (Table 3), which showed significant negative 
effects of barriers (posterior mean = −5.00, 95% CRI = −7.41 
to −3.15) and stream gradient (posterior mean = −3.25, 95% 
CRI = −5.35 to −1.30) and positive effects of downstream 
flow direction (posterior mean = 0.25, 95% CRI = 0.04–0.46) 
and dam regulation (posterior mean = 0.49, 95% CRI = 0.18–
0.78), along with a significant interaction between barriers and 
flow direction (posterior mean = 4.95, 95% CRI = 3.06–7.39). 
However, there were some differences in results between 
the two response variables; models using Jost’s D showed no 
effects of Shreve’s stream order (posterior mean = 0.05, 95% 
CRI = −0.49 to 0.62) and Strahler’s stream order (posterior 

mean = −0.26, 95% CRI = −0.87 to 0.34). Unlike FST, Jost’s D 
models showed a significant interaction between stream gradi-
ent and flow direction (posterior mean = 1.50, 95% CRI = 0.09 
to 3.06), indicating that differences between rates of upstream 
and downstream movement were more pronounced on steeper 
gradient streams.

Relative migration rates
Edge weights derived from β estimates, representing relative 
migration rates on SSEN edges (White et al., 2020), consis-
tently indicated stronger migration in the downstream direc-
tion compared with upstream (Figure S5). When averaging 
across all SSEN edges, the relative rate of downstream migra-
tion was 16.8 times greater (using FST) and 26.0 times greater 
(using Jost’s D) than upstream migration. Due to the significant 
interaction between barriers and flow direction, the discrep-
ancy between upstream and downstream migration rates was 
greatly amplified by the presence of barriers. Relative down-
stream migration rates on SSEN edges with barriers were, 
on average, 190.3 times greater (FST) and 301.7 times greater 
(Jost’s D) than upstream rates. Additionally, relative migra-
tion rates from Jost’s D models showed a mediating effect of 
stream gradient on directional asymmetries in movement. 
Downstream edge weights on high-​gradient edges (those with 
gradients greater than 0.16, the 75th percentile of edges in our 
SSEN) were, on average, 53.4 times greater than upstream 
weights, while downstream edge weights on low-​gradient edges 
(those with gradients lower than 0.07, the 25th percentile in our 
SSEN) averaged only 20.3 times higher than upstream weights. 
Model results reflected that sites on dam-​regulated edges were 
more genetically connected than those on free-​flowing edges. 
When averaging upstream and downstream edge weights, 

Figure 2.  Heat maps of pairwise genetic distance between 22 Brook Trout sampling sites in the upper Cache la Poudre River watershed 
(refer to Table S1 for definitions of site abbreviations), with (A) pairwise FST (Weir & Cockerham, 1984) and (B) pairwise D (Jost, 2008). 
Refer to Figure 1 for site locations.
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Figure 3.  (A) Estimated relative upstream migration rates on spatially structured ecological network edges, quantified from the 
estimated effects of riverscape covariates on Brook Trout gene flow from top-​ranked bidirectional gene flow in riverscapes models using 
pairwise Jost’s D as the response genetic distance matrix. Pie charts show mean site-​level assignment proportions to four genetic clusters 
from the program STRUCTURE. The lower panel (B) shows individual STRUCTURE assignment probabilities to four genetic clusters 
across 22 Brook Trout sampling sites (refer to Table S1 for definitions of site abbreviations).

Table 2.  Deviance information criteria (DIC) values for competing riverscape genetics models (ΔDIC < 4) with FST and Jost’s D as 
response variables. Interaction terms are expressed in parentheses with abbreviated covariate names (bar. = barriers, dir. = flow direction, 
grad. = stream gradient).

Variables DIC ΔDIC Model weight

FST
Direction + gradient + barriers + dam regulation + Shreve + (bar. × dir.) −1,388.3 0 0.35
Direction + gradient + barriers + dam regulation + (bar. × dir.) + (grad. × dir.) −1,387.9 0.4 0.27
Direction + gradient + barriers + dam regulation + Shreve + (bar. × dir.) + (grad. × dir.) −1,387.8 0.5 0.23
Direction + gradient + barriers + dam regulation + Strahler + (bar. × dir.) −1,386.5 1.8 0.15
Jost’s D
Direction + gradient + barriers + dam regulation + (bar. × dir.) + (grad. × dir.) −1,249.6 0 0.44
Direction + gradient + barriers + dam regulation + Strahler + (bar. × dir.) + (grad. × dir.) −1,249.1 0.5 0.31
Direction + gradient + barriers + dam regulation + Shreve + (bar. × dir.) + (grad. × dir.) −1,247.0 2.6 0.16
Direction + gradient + barriers + dam regulation + (bar. × dir.) −1,246.4 3.2 0.09
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estimated migration rates on dam-​regulated edges were 1.78 
times higher (using FST) and 1.66 times higher (using Jost’s D) 
than those on free-​flowing edges.

Isolation by distance and isolation by resistance
Mantel tests revealed significant relationships between genetic 
differentiation and both waterway distance and estimated river-
scape resistance. Across all site pairs, pairwise waterway distance 
between sites was significantly correlated with genetic distance 
as measured by FST (Mantel statistic r = 0.41, P = 0.0009) and 
Jost’s D (r = 0.44, P = 0.0002). Additionally, pairwise resistance 
distance derived from BGR model results showed significant 
correlations with both FST (r = 0.43, P = 0.0006) and Jost’s D 
(r = 0.48, P = 0.0001). Visual inspection of the scatterplots 
showing IBD and IBR relationships (Figure 4) revealed two 
distinct clusters of points, reflecting elevated genetic differentia-
tion in comparisons involving Corral Creek sites. To investigate 
this grouping structure, we generated additional plots (Figure 
S6) in which site pairs were divided into two categories: those 
including Corral Creek sites and all others. Separate simple 
linear regression lines were fit to each group for visualization, 
and separate Mantel tests were conducted on the split dataset, 
which verified statistical significance of IBR and IBD relation-
ships within these two groups (Figure S6).

DI S C U S S IO N
This study revealed that riverscape features, waterway distance, 
and asymmetric streamflow play significant roles in shaping the 
spatial genetic structure of a nonnative salmonid occupying a 
future native trout reintroduction area. Brook Trout exhibited 
spatial population structure, with genetic clusters correspond-
ing to four major tributary drainages (Figure 3). This observa-
tion aligns with previous research showing that Brook Trout 
populations often segregate into genetically distinct tributaries 
(Kelson et al., 2015; Pilgrim et al., 2012; White et al., 2020). 
Brook Trout typically spawn in low-​order streams near the 
upstream ends of network branches (Witzel & MacCrimmon, 
1983), which can contribute to genetic isolation of neighboring 
tributaries even in the absence of obvious barriers or resistance 
features (Kazyak et al., 2016; Beer et al., 2019). Such spatial 
genetic structure is also driven by the tendency of most Brook 
Trout individuals to exhibit short dispersal distances (<1 km 

annually) (Hutchings & Gerber, 2002; Peterson & Fausch, 
2003; White, Keagy, et al., 2023). However, individual varia-
tion in movement plays a crucial role in maintaining genetic 
connectivity. While most Brook Trout are relatively sedentary, 
occasional long-​distance dispersal events, including move-
ments exceeding 10 km within a season (Shetter, 1968), have 
been documented (Gowan & Fausch, 1996; Petty et al., 2012). 
Despite genetic segregation of tributary groups in our study, 
pairwise genetic distances among sites (Figure 2) suggest that 
connectivity across the stream network is facilitated by rare 
long-​distance movements and sequential short-​distance disper-
sals occurring in a stepping-​stone manner (Saura et al. 2014). 
In the native range of Brook Trout, connectivity restoration is 
underway to reconnect habitat patches fragmented by culverts 
and land-​use changes (Poplar-​Jeffers et al., 2009; Wood et al., 
2018). Our results reveal that, free of fragmentation, Brook 
Trout dispersal facilitates genetic connectivity at the watershed 
scale, highlighting the utility of connectivity restoration as a 
tool for promoting genetic exchange and improving the robust-
ness of native Brook Trout metapopulations.

Our riverscape genetics models uncovered the roles of spe-
cific riverscape features in mediating population connectivity. 
Variables including stream gradient, barriers, flow direction, 
and the interaction between flow direction and barriers con-
sistently appeared in all of our top models, suggesting that these 
are key factors influencing trout movement in this stream net-
work (Table 2). The negative effect of barriers on gene flow was 
expected (Table 1) and aligns with many other studies that 
have found genetic evidence of restricted fish movement due 
to vertical barriers (Deiner et  al., 2007; Kelson et  al., 2015; 
Neville et al., 2006; Timm et al., 2016; Torterotot et al., 2014; 
White et al., 2020; Wofford et al., 2005). We also found that 
steeper stream gradients negatively affected gene flow, which 
has been similarly detected in some riverscape genetics studies 
(Kanno et al., 2011; Nakajima et al., 2023 ; Narum et al., 2008) 
but not others (White et al., 2020). Ascending steep slopes can 
be energetically costly for various taxa (Funk et al., 2005), and 
high-​gradient stream segments often contain vertical drops 
that could hinder fish movement by acting as partial barri-
ers. In a mark–recapture study, Adams et al. (2000) observed 
Brook Trout ascending streams with gradients as high as 22% 
(maximum gradient in our study area = 25.7%), but upstream 
movements were longer and more common in lower-​gradient 

Table 3.  Estimated β-​values (posterior mean) and 95% credible intervals (CRIs) obtained through model-​averaging top-​ranked 
bidirectional gene flow in riverscapes models, representing the effects of riverscape covariates on Brook Trout gene flow. Values with 95% 
CRI overlapping zero are considered statistically not significant and are marked with asterisks.

FST Jost’s D

Variable β 95% CRI β 95% CRI

Intercept 3.67 3.24–4.11 3.73 3.34–4.26
Flow direction 0.39 0.16–0.57 0.25 0.04–0.46
Shreve’s stream order 0.56 0.00–1.18 0.05* −0.49 to 0.62
Strahler’s stream order 0.36* −0.19 to 0.89 −0.26* −0.87 to 0.34
Dam regulation 0.49 0.18–0.78 0.39 0.07–0.71
Barriers −4.96 −7.39 to −3.12 −5.00 −7.41 to −3.15
Stream gradient −1.97 −4.21 to −0.71 −3.25 −5.35 to −1.30
Gradient × direction 0.87* −0.57 to 2.46 1.50 0.09–3.06
Barriers × direction 4.86 2.95–7.34 4.95 3.06–7.39 D
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segments. This aligns with our findings and suggests that 
steeper gradients hinder trout movement, but upstream passage 
can still occur when impassable falls are not present.

The ability of the BGR framework to model asymmetric gene 
flow provided unique insights into trout movement patterns in 
this proposed reintroduction area. We found a positive effect of 
downstream direction on gene flow, consistent with most other 
studies on lotic fishes that have reported downstream-​biased 
gene flow (Lamphere & Blum, 2012; Morrissey & Ferguson, 
2011; White et al., 2020). Despite this common trend, several 
studies have observed upstream-​biased movement among 
adult Brook Trout (Adams et al., 2000; Gutowsky et al., 2023; 
Hansbarger et al., 2010; Peterson & Fausch, 2003), which seems 
contrary to our results. However, observations of this upstream 
movement preference are limited to adult Brook Trout, and a 
population-​level pattern of downstream-​biased gene flow can 
result from passive processes, such as the downstream drift of 
recently emerged fry and the displacement of smaller-​bodied 
individuals during high-​flow events (Morrissey & Ferguson, 
2011). We also found significant interactions between flow 
direction and other riverscape attributes, specifically barriers 
(using both FST and Jost’s D) and stream gradient (using Jost’s 

D). These findings support our hypotheses (Table 1) that bar-
riers and steeper stream gradients disproportionately impede 
trout movement in the upstream direction. This is consistent 
with the known tendency of waterfalls to block upstream pas-
sage while allowing downstream movement (Nathan et  al., 
2019) and the fact that steep slopes are more energetically 
costly to ascend than to descend. The BGR framework’s ability 
to formally model the effects of flow direction and its interac-
tions with other riverscape attributes enabled us to uncover 
unique insights about asymmetric gene flow within this stream 
network.

Unexpectedly, our BGR model results did not detect a 
restrictive effect of dam regulation on trout gene flow in our 
study area. Instead, results suggested that dam-​regulated 
sites exhibited high levels of genetic connectivity with nearby 
habitats. This lack of a restrictive effect on gene flow was unex-
pected given that the dam-​regulated stream segment in our 
study area does not support year-​round trout occupancy due 
to seasonal dewatering, and previous research has indicated 
that habitats with intermittent occupancy typically isolate 
stream fish populations (Labbe & Fausch, 2000; White et al., 
2020). Moreover, the genetically distinct Corral Creek and 

Figure 4.  Scatterplots showing isolation by distance and isolation by resistance between all site pairs with simple linear regression lines: 
(A) pairwise FST plotted against pairwise waterway distance, (B) pairwise FST plotted against cumulative riverscape resistance (from 
bidirectional gene flow in riverscapes model results), (C) pairwise Jost’s D plotted against pairwise waterway distance and (D) pairwise 
Jost’s D plotted against cumulative riverscape resistance.
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Willow Creek tributaries are separated from each other and 
the rest of the study area by the dam-​regulated stream segment 
(Figure 3A), and Corral Creek is the most genetically isolated 
drainage (Figure 2), which suggests that the altered hydrology 
might hinder trout movement between tributaries. Estimated 
genetic distances and STRUCTURE results for sites located on 
the dam-​regulated segment (sites ULPP and LLPP; Figure 3A) 
revealed that these sites were genetically similar to nearby loca-
tions, particularly those in the adjacent Willow Creek tribu-
tary (Figures 2 and 3). Furthermore, trout size data showed 
that dam-​regulated sites were dominated by adult trout, with a 
notable absence of age-​0 fish (the minimum total length among 
Brook Trout measured at dam-​regulated sites was 70 mm, 
while the average total length of age-​0 fish across the study area 
was 35 mm based on length frequency distributions). Thus, it 
appears that the dam-​regulated segment is predominantly 
occupied by transient migrants from nearby tributaries during 
seasonal windows of suitable habitat, causing our BGR models 
to identify dam-​regulation as facilitating genetic connectivity. 
Importantly, this result does not necessarily indicate that dam-​
regulated streams facilitate gene flow on the riverscape scale. 
It is well known that dams restrict longitudinal connectivity 
along river corridors (Nilsson et al., 2005; Zarri et al., 2022), 
and fish responses to anthropogenic flow regulation are com-
plex, often depending on location-​specific discharge patterns 
(Kelly et al., 2017; Korman & Campana, 2009; Oliveira et al., 
2020). Based on the relatively strong genetic isolation of Corral 
Creek and Willow Creek, it remains plausible that the dam-​
altered hydrology in our study area inhibits migration between 
tributaries, but the genetic similarity of dam-​regulated sites to 
nearby areas may have masked this effect and thus prevented 
our models from detecting it.

It is important to note that stocking history can have a per-
sistent influence on spatial patterns in fish (Perrier et al., 2013), 
particularly in scenarios where genetically distinct strains of 
fish were introduced at different locations or times. Our infer-
ences rest on the assumption that contemporary patterns of 
genetic structure in this watershed are shaped primarily by 
mechanisms of Brook Trout gene flow and genetic drift rather 
than founding conditions involving different hatchery strains. 
In our study area, available historical records indicate that 
Brook Trout were stocked between 1892 and 1955 (Colorado 
Parks and Wildlife, unpublished data; U.S. Fish and Wildlife 
Service, unpublished data), with a majority of stocking con-
centrated in the central main stem of the watershed (Cache la 
Poudre River; Figure 1) and only one single recorded stock-
ing event in the Hague Creek tributary. Available records 
lack information about genetic strains used, and we cannot 
dismiss the possibility of additional undocumented intro-
ductions or angler translocations. Nonetheless, several lines 
of evidence support the notion that postestablishment Brook 
Trout dispersal is the primary driver of the observed patterns 
of genetic connectivity in this stream network. First, the ces-
sation of stocking more than six decades prior to our sampling 
provided ample time for gene flow and drift to shape current 
spatial genetic patterns. Second, the concentration of stock-
ing events in the central main stem of the study area suggests 
that tributaries were largely colonized from a common central 
source, with no evidence of tributaries being independently 

seeded with genetically distinct strains. Third, the observed 
patterns of IBD and IBR are consistent with dispersal-​medi-
ated gene flow across a heterogeneous landscape, whereas 
differentiation resulting from founding conditions would be 
expected to be unrelated to spatial or environmental gradients. 
For example, Eldridge et al. (2009) reported a loss of historical 
IBD patterns among populations Coho Salmon Oncorhynchus 
kisutch following extensive hatchery transfers, observing that 
genetic distance in modern populations was better explained 
by stocking history than geographic proximity. Moreover, 
Kazyak et al. (2022) found that Brook Trout from 17 hatcher-
ies across the eastern United States were genetically distinct 
from wild populations but comparatively homogenous among 
themselves, forming a single genetic cluster in their analyses. 
This suggests that even if fish from multiple hatcheries were 
introduced to our study area, they may not have differed sub-
stantially in their genetic composition. Collectively, these 
lines of available information support our assumption that 
initial differences among introduced stocks, if any, have been 
largely attenuated by subsequent ecological and evolutionary 
processes.

In addition to providing insights about Brook Trout popula-
tion connectivity at the watershed scale, our observations of 
spatial genetic structure and the effects of riverscape covari-
ates on trout gene flow can inform expectations of future pop-
ulation connectivity of reintroduced Greenback Cutthroat 
Trout in this stream network and perhaps other proposed 
reintroduction habitats. However, it is important to consider 
that differences in reproductive timing between Brook Trout 
and Rocky Mountain Cutthroat Trout might influence annual 
periodicity in fish movement and the effects of certain river-
scape features on gene flow. Brook Trout spawn during autumn 
and cutthroat trout spawn during spring, and because salmo-
nid movement is heightened during the prespawning period 
(Hilderbrand & Kershner, 2000), annual phases of increased 
mobility in these two species coincide with different levels of 
stream discharge due to the timing of snowmelt runoff (i.e., 
prespawn movements of Rocky Mountain Cutthroat Trout 
occur when flows are higher compared with those of Brook 
Trout). Elevated discharge can enhance fish mobility (Taylor 
& Cooke, 2012) and may improve passage around features like 
waterfalls by filling intermittent side channels or deepening 
plunge pools, suggesting that the timing of upstream spawning 
movements in Rocky Mountain Cutthroat Trout could result 
in greater mobility compared to Brook Trout. On the other 
hand, Peterson and Fausch (2003) observed that adult Brook 
Trout have a stronger tendency towards upstream movement 
than Rocky Mountain Cutthroat Trout, particularly in high-​
gradient streams. This behavioral difference implies that steep 
stream gradients could exert a stronger isolating effect on rein-
troduced Greenback Cutthroat Trout. Despite these nuances, 
both species exhibit broad similarities in swimming speed and 
performance (Blank et al., 2020; Castro-​Santos et al., 2013; 
Young, 2011), and available information on the ecology and 
movement of these two species does not provide strong evi-
dence to suspect that they differ substantially in their move-
ment patterns and consequent metapopulation structure. 
Future reintroduction of Greenback Cutthroat Trout in this 
stream network could provide an opportunity to directly test 
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possible differences, but with the current lack of Greenback 
Cutthroat Trout populations available for study, we believe 
that resident Brook Trout serve as a useful surrogate for pre-
dicting patterns of connectivity in reintroduced native trout.

Our results suggest that the study stream network provides 
a large, connected habitat capable of supporting a native trout 
metapopulation. For reintroduced Greenback Cutthroat Trout, 
this connectivity could promote resilience to disturbance 
(Christie & Knowles, 2015) and facilitate allelic exchange to 
buffer against genetic drift (Allendorf et al., 2022), which is cru-
cial in the face of changing and uncertain environmental condi-
tions. Connectivity across the reintroduction area is impeded 
by vertical barriers and areas of high stream gradient. However, 
downstream movement appears less affected by these features, 
suggesting that stocking Greenback Cutthroat Trout at sites 
farther upstream may enable more expedient colonization of 
the reintroduction area. Insights into salmonid gene flow in 
this system can also help managers identify future reintroduc-
tion habitats with high potential for connectivity. Our results 
suggest that the prioritization of reclamation areas contain-
ing fewer waterfalls and more gradual stream gradients could 
promote population connectivity. However, the presence of 
these features does not entirely preclude salmonid gene flow, 
and even infrequent migration (<10 migrants per generation) 
has been shown to provide functional genetic connectivity in 
trout (Nathan et al., 2017). Overall, our work adds to a growing 
body of information about the factors influencing genetic con-
nectivity in salmonids. This knowledge is crucial for managing 
genetic diversity and promoting metapopulation resilience in 
sensitive fish species amid increasing habitat fragmentation and 
environmental change.
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