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Abstract

Anticipating biological invasions by nonnative species is critical to effective conservation. Nonnative brook trout Salvelinus
fontinalis represents one of the most widespread threats to native bull trout Salvelinus confluentus, but the factors allowing or
preventing ongoing range expansions are poorly understood. We addressed this uncertainty by resampling 221 survey locations
in bull trout streams in Idaho and relating shifts in brook trout occupancy to four controls on biological invasion (habitat
suitability, source connectivity, disturbance, and biotic resistance to invasion). Brook trout detections increased substantially
between the historical period (58 sites) and contemporary period (94 sites). Site colonizations were positively associated with
water temperature and negatively associated with landscape resistance metrics (i.e., highest streamflow and gradient between
a site and the nearest source) in all top models. In contrast, there was weak support for a positive association with wildfire and
limited support for hydrologic distance and biotic resistance metrics. Brook trout invasions in bull trout habitat are ongoing,
limited by cold temperatures, and highly influenced by dispersal barriers that may not inhibit more mobile native salmonids.
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Introduction

Freshwater ecosystems are among the most imperiled on
earth, and two leading causes of biodiversity loss are cli-
mate change and nonnative species (Vitousek et al. 1996;
Dudgeon et al. 2006; Woodward et al. 2010). Fishes in small
streams and rivers are particularly vulnerable because they
are ectotherms, occupy climate-sensitive habitats, and often
evolved in relative isolation from competition with other
species (D’Antonio and Dudley 1995; Buckley et al. 2012; Isaak
et al. 2017a). Furthermore, climate warming can facilitate in-
vasion by nonnative fishes, which often benefit from warmer
water temperatures (Rahel and Olden 2008a; Comte et al.
2013). Consequently, the joint effect of nonnative species and
climate change on many cold-adapted headwater fishes varies
between widespread habitat loss and extirpation (Dudgeon et
al. 2006; Buisson et al. 2008; Wenger et al. 2011b; Bell et al.
2021). However, exposure to these stressors will vary among
populations, suggesting that identifying climate refugia and
ensuring that invasive species are excluded may be an effec-
tive long-term strategy (Rahel et al. 2008b; Isaak et al. 2015).

High-elevation and groundwater-buffered montane
streams are expected to remain cold over the coming century
and may serve as climate refugia for cold-adapted species

such as bull trout Salvelinus confluentus (Isaak et al. 2015,
2017a). Bull trout is native to the Pacific Northwest of North
America, is listed as “Threatened” under the Endangered
Species Act (ESA), and has among the coldest temperature re-
quirements of all freshwater fishes (USFWS 1999; Isaak et al.
2017b). As such, conservation planners are increasingly called
to direct limited resources away from small, warm habitat
patches that already test the thermal tolerance of bull trout
and towards protecting larger, colder habitat patches that
are likely to remain thermally suitable in the future (Jiang
et al. 2012; Tingley et al. 2014; Isaak et al. 2022). However,
many coldwater habitats are at risk of invasion by brook
trout Salvelinus fontinalis, a cold-adapted nonnative species
that threatens bull trout and other salmonids throughout
western North America (MacCrimmon and Campbell 1969;
USFWS 2015). Brook trout is native to eastern North America
and is congeneric with bull trout, which it negatively affects
through a combination of competition and hybridization
(Leary et al. 1993; McMahon et al. 2007). Brook trout exhibit
a similar thermal niche to bull trout (Isaak et al. 2017b), and
the negative effect of their presence is well documented at
multiple spatial and biological scales (e.g., Rich et al. 2003;
Isaak et al. 2015; Benjamin et al. 2016; Voss et al. 2023).
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Consequently, brook trout pose a considerable threat to bull
trout persistence, yet uncertainty surrounding the extent
of future brook trout expansion into coldwater refugia is
recognized as a source of uncertainty with important conse-
quences for conservation planning (Isaak et al. 2015; USFWS
2015).

Although factors broadly associated with nonnative brook
trout distributions have been identified (e.g., Paul and Post
2001; Benjamin et al. 2007; Wenger et al. 2011a), the factors
associated with changes in distribution remain poorly under-
stood (Adams et al. 2002; Dunham et al. 2002; Isaak et al.
2015). Changes in species distribution occur via a disequilib-
rium between site colonization (i.e., species absence transi-
tioning to species presence) and abandonment (i.e., species
presence transitioning to species absence), and new coloniza-
tion events by nonnative species are of particular concern to
fisheries managers (Leung et al. 2002; MacKenzie et al. 2003).
Rapid colonizations by native brook trout have been docu-
mented in central and eastern North America, often as a re-
sult of improvements in habitat suitability or suitable habitat
suddenly becoming accessible (e.g., Roghair and Dolloff 2005;
Hoxmeier et al. 2015). Widespread range contractions due
to rising temperatures and habitat degradation in other por-
tions of its native distribution (e.g., Hudy et al. 2008; Smith
et al. 2023) further highlight the importance of habitat suit-
ability. However, considerable theoretical and empirical ev-
idence suggests that factors beyond habitat suitability also
mediate colonization success in particular (Moyle and Light
1996; Blackburn et al. 2011). For example, the accessibility of
uninvaded habitats to source populations (i.e., source connec-
tivity) is a critical driver of invasion success because the num-
ber of individuals that successfully arrive (i.e., propagule pres-
sure) must be large enough to overcome Allee effects (e.g.,
locate mates; Taylor and Hastings 2005; Simberloff 2009).
Source connectivity is largely regulated by the proximity of
uninvaded habitats to established populations, as well as abi-
otic conditions in the dispersal corridor, which may impede
movement or limit dispersal (i.e., landscape resistance; Petty
et al. 2012; Zeller et al. 2012; Aunins et al. 2015). Landscape
resistance may be particularly relevant to dispersal by head-
water stream fishes such as brook trout, which often occupy
naturally fragmented habitat patches separated by unsuit-
able downstream habitat (Schmidt and Schaefer 2018). Native
species assemblages can also exhibit biotic resistance to in-
vasion, a concept closely tied to community assembly theory
where negative interactions with certain native species can
exclude nonnatives (Elton 1958; Moyle and Light 1996). Lastly,
large disturbances (e.g., wildfire or timber harvest) may pro-
vide “windows of opportunity” for invasion by disrupting
native species assemblages and altering physical habitat to
the advantage of nonnative species (Moyle and Light 1996;
Dunham et al. 2002).

The joint effects of source connectivity, habitat suitability,
biotic resistance, and disturbance on brook trout invasions
have never been examined. In fact, all previous research on
changes in the distribution of nonnative brook trout has ei-
ther been qualitative and geographically limited (Adams et
al. 2002; Howell 2018) or exclusively focused on the role of
one class of variables without the other three (Sestrich et

al. 2011; Bell et al. 2021). This knowledge gap has limited
our ability to anticipate brook trout invasions and inhibited
species forecasting, threat assessments, and strategic priori-
tizations of conservation actions for bull trout and other na-
tive species (e.g., Isaak et al. 2015, 2022; USFWS 2015, 2024).
As human activities continue to alter habitats, disturbance
regimes, and fish distributions (Lee et al. 2023), knowledge of
the factors that permit and prevent range expansion by non-
native species is increasingly needed. As such, the objective of
this study was to identify factors associated with range expan-
sion by nonnative brook trout into native bull trout habitat.
Specifically, we described recent changes in brook trout oc-
cupancy in bull trout streams in central Idaho and assessed
the relative importance of source connectivity, habitat suit-
ability, biotic resistance, and disturbance to site colonization
and abandonment, two biological processes of critical impor-
tance to the conservation of native species. We hypothesized
that net increases in brook trout occupancy (i.e., high site col-
onization concurrent with low site abandonment) would be
positively associated with source connectivity, habitat suit-
ability, and disturbance, and negatively associated with the
occurrence of salmonids capable of resisting brook trout in-
vasion.

Methods

We evaluated changes in brook trout occupancy in bull
trout habitat by resampling locations in bull trout streams
where salmonid assemblages were surveyed approximately
two decades ago. Candidate historical surveys were obtained
by merging a statewide Idaho Department of Fish and
Game (IDFG) fish survey database with eight smaller regional
databases maintained by the U.S. Forest Service (USES), U.S.
Bureau of Reclamation, and Idaho Power Company. From
this composite dataset, we identified locations that were
sampled via backpack electrofishing during June-August be-
tween 1999 and 2004. This “historical period” was selected
because it occurred approximately 20 years prior to resam-
pling, a period long enough to allow several generations
of brook trout to colonize new habitat (Meyer et al. 2006).
Furthermore, the selected historical period encompassed a
large increase in electrofishing surveys motivated by the fi-
nal ruling of bull trout as Threatened under the ESA (USFWS
1999). Next, we censored all surveys that did not contain pre-
cise information on site location (i.e., GPS coordinates and
reach length at minimum), sampling effort (i.e., number of
electrofishing passes conducted), and(or) individual-level fish
data (e.g., fish lengths). We then selected sites located in “bull
trout streams”, which were defined as either (a) designated
“critical” bull trout spawning and rearing habitat by the U.S.
Fish and Wildlife Service (USFWS 2015), (b) fourth-order or
lower streams where bull trout < 250 mm total length (TL)
were repeatedly detected by past surveys, or (c) direct peren-
nial fish-holding tributaries to the above (6% of sites). Stream
segments < 4 km downstream of hydrologically connected
headwater lakes containing brook trout were excluded be-
cause the distribution of brook trout in such areas may not
reflect habitat suitability (Adams et al. 2001). To ensure poten-
tial accessibility by brook trout, historically unoccupied sites

2 Can. J. Fish. Aquat. Sci. 83: 1-15 (2026) | dx.doi.org/10.1139/cjfas-2025-0293



http://dx.doi.org/10.1139/cjfas-2025-0293

Can. J. Fish. Aquat. >ci. Downloaded Trom cansciencepun.com by UNIVERSITY OF IDARO on 05/15/20

* Canadian Science Publishing

Fig. 1. Backpack electrofishing sites located in Idaho bull trout streams containing or adjacent to nonnative brook trout
populations that were resampled in 2022 and 2023 (n = 221 sites). Site colors denote the presence or absence of brook trout
in historical survey data (1999-2004). Areas burned by wildfire between 1999 and 2022 (all severities) are shaded red (source:
Weber 2023). Data were projected using “WGS 1984 Web Mercator (auxiliary sphere)” in Decimal Degrees on “ESRI World

Hillshade” (source: ArcGIS Pro basemap).
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isolated by waterfalls or anthropogenic fish barriers were re-
moved. Next, we identified ten-digit Hydrologic Unit Codes
(i.e., HUC-10 watersheds) that contained (a) sites meeting the
above criteria and (b) well-documented brook trout popula-
tions prior to 1999. Sites in some streams were spatially clus-
tered, so we randomly selected one site per river kilometer to
avoid oversampling. Finally, watersheds that contained few
sites meeting the above criteria were removed in favor of
watersheds with more complete coverage by historical sur-
veys. We sought to resample every site that met these criteria
within selected watersheds, but some sites were not revisited
due to restricted access or logistical constraints. Successfully
resampled sites were distributed across eighteen HUC-10 wa-
tersheds spanning eight USWFS-designated bull trout Core
Areas (generally corresponding to HUC-8 subbasins) in cen-
tral Idaho, including the Upper Salmon River, Middle Salmon
River-Panther, Lemhi River, South Fork Salmon River, Little
Lost River, Arrowrock Reservoir, Anderson Ranch Reservoir,
and Pine, Indian and Wildhorse Creeks Core Areas (Fig. 1).
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Although our reliance on historical electrofishing sites con-
strained the study area to watersheds with relatively high ac-
cessibility (i.e., relative to federal wilderness), such areas are
where the majority of past brook trout introductions and on-
going brook trout management occur.

The selected watersheds are topographically diverse (Fig.
1), varying from wide, low-elevation valley floors to confined
montane canyons, high-elevation glacial valleys, and alpine
zones exceeding 3600 m in elevation. The climate is gener-
ally semiarid, with most precipitation occurring as snowfall
during winter and early spring. Watershed hydrology is dom-
inated by snowmelt that peaks during spring runoff and sus-
tains streamflows through warm, dry summers (Dan Moore
and Wondzell 2005). Some sites occur in sagebrush Artemisia
spp. steppes, but most of the study area is dominated by un-
burnt or recently burned coniferous forest. The majority of
study streams occur in drainages that are either sparsely or
completely unpopulated by humans, with limited livestock
grazing and timber harvest occurring at low elevations and
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Table 1. List of variables evaluated for modeling the probability of brook trout colonization and abandonment in central Idaho.

Median
Variable class Variable name Brief description (min-max) Source
Habitat TEMP Estimated historical mean August water temperature 9.6 (4.9-15.1)  NorWeST dataset?®
suitability (°C)
WIDTH Mean wetted width within site (m) 3.6 (1.0-8.9) In-stream habitat surveys
GRAD Maximum-minimum site elevation/site length (%) 4.6 (0.0-26.2) National Elevation Dataset®
Disturbance FIRE Proportion of upstream catchment burned by severe 0.0 (0.0-0.8) Monitoring Trends in Burn
wildfire (1999-2023) Severity dataset®
Source SC_DIST Hydrologic distance between site i and nearest source 7.8 (0.0-44.8) National Stream Internet
connectivity population (km) datasetd
SC_TEMP Highest TEMP between site i and nearest source 12.4 (8.0-16.3) NorWeST dataset?
population (°C)
SC_GRAD Highest upstream stream gradient between site i and 9.1(0.0-24.0) Isaak et al. 2022, Appendix S.2
nearest source of brook trout (%)
SC_FLOW Highest annual mean daily discharge between site i 1.8 (0.1-25.5) Western U.S. Stream Flow
and nearest source of brook trout (m3/s) Metrics dataset®
Biotic resistance RBT Historical presence or absence of 0. mykiss 1(0-1) Historical data
M_BLT Historical presence or absence of bull trout 0(0-1) Historical data and reports

2https:/fwww.fs.usda.gov/rm/boise/AWAE/projects/NorWeST.html
bhttps://gdg.sc.egov.usda.gov/Catalog/ProductDescription/NED.html
Chttps://www.mtbs.gov/

dhttps:/fresearch.fs.usda.gov/rmrs/projects/national-stream-internet#download-data

¢https:/fwww.fs.usda.gov/rm/boise/AWAE/projects/modeled_stream_flow_metrics.shtml

valley floors. Between 1999 and 2022, 25.7% of the study area
(HUC-10 level) was burned by wildfire (Finco et al. 2012).

Fish assemblages in the selected bull trout streams are rel-
atively depauperate. Most native fishes consist of bull trout,
rainbow trout (freshwater resident Oncorhynchus mykiss), west-
slope cutthroat trout Oncorhynchus clarkii lewisi, and sculpin
Cottus spp. The lower reaches of a small handful of study
streams also contain steelhead (anadromous Oncorhynchus
mykiss), Chinook salmon Oncorhynchus tshawytscha, mountain
whitefish Prosopium williamsoni, dace Rhinichthys spp., and
kokanee salmon Oncorhynchus nerka. Nonnative brook trout
were widely introduced to increase angling opportunities in
the 19th and 20th centuries (MacCrimmon and Campbell
1969). Although all brook trout stocking in the study area
ceased by 1978, established and self-sustaining populations
remain widely, yet patchily distributed today.

We resampled selected sites during the summers (i.e., June-
August) of 2022 (n = 82) and 2023 (n = 139; Institutional An-
imal Care and Use Committee Protocol 2022-27; IDFG Scien-
tific Collecting Permit 132042). Sites were resampled approx-
imately 20 years after they were surveyed during the histori-
cal period, and we minimized the difference in calendar dates
between historical and contemporary sampling events when-
ever possible. We located the upper and lower boundaries of
all historical sites using GPS coordinates and measurements
of longitudinal site length (m) with the additional aid of writ-
ten site descriptions, physical markers, and interviews with
regional fisheries staff when possible. Sites that could not be
georeferenced and delineated with certainty were excluded
from the study (n = nine sites).

We resampled sites using a Smith-Root LR-24 backpack
electrofisher (Smith-Root, Inc., Vancouver, Washington). Elec-
trofisher settings were set using the “100 Watt” protocol
because it standardizes power output and was widely em-
ployed in Idaho streams during the historical sampling pe-

riod (Meyer et al. 2021). Specifically, we used a 25% duty cycle
during all sampling events, 60 Hz in streams with no anadro-
mous fishes, and 30 Hz in streams with anadromous fishes in
accordance with National Oceanic and Atmospheric Admin-
istration (NOAA) guidelines (NOAA 2000). We then adjusted
electrofisher voltages at each site until the unit produced
approximately 100 W of average power output (Meyer et al.
2021). However, we did not exceed voltage limits set by NOAA
in streams with anadromous fishes (NOAA 2000). We con-
ducted single-pass surveys (n = 120) or multipass depletions
(n = 101) in accordance with the number of passes that were
conducted historically. All salmonids > 70 mm were captured
using dipnets (Duraframe Dipnet, Viola, Wisconsin) and held
in instream live-wells until they were processed. Processed
fish were identified to species and measured to the nearest
mm TL. We identified char (i.e., Salvelinus spp.) using dorsal
fin markings (Popowich et al. 2011) based on a field iden-
tification guide developed by IDFG and USFS. Because field
identifications of small char can be difficult where bull trout
and brook trout hybridize (DeHaan et al. 2010), we collected
a small tissue sample from the anal fin of all char in streams
containing both species for genetic analysis. All misclassifi-
cations were the result of hybrids (predominantly second-
generation backcrosses) being mistaken for parent species
or parent species being mistaken for hybrids (Table S1). All
misclassifications were corrected prior to statistical analysis.
No misclassifications would have altered species detections
at the site level had they not been corrected.

The suitability of habitat for nonnative species is a leading
determinant of biological invasions (Moyle and Light 1996;
Paul and Post 2001; Dunham et al. 2002), so we quantified
three in-stream habitat variables associated with brook trout
distribution or abundance in previous investigations (Table
1). Brook trout are typically associated with small streams
(Kozel and Hubert 1989), so we estimated mean wetted width
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(WIDTH; m) by delineating each site into riffles, runs, and
pools (Bouwes et al. 2011), measuring the midpoint width
of the first three channel units of each class, and comput-
ing the weighted average based on the proportion of the site
by length composed of each channel unit. Next, we com-
puted stream gradient (GRAD; %) due to its negative asso-
ciation with nonnative brook trout occurrence in previous
studies (e.g., Wenger et al. 2011a). Gradient was estimated by
collecting GPS coordinates at the upper and lower boundary
of each site (typically 100 m in length; mean = 96 m; SD =
15 m), obtaining elevation values from a smoothed 10 m res-
olution digital elevation model (the highest resolution avail-
able throughout the study area), and dividing the difference
in elevation by site length. Lastly, we characterized thermal
profiles at each site because the coldest summer stream tem-
peratures in Idaho may be unsuitable for brook trout (Isaak
et al. 2017b; Voss et al. 2023). Estimates of historical mean
August water temperature (TEMP; °C) provided by the Nor-
WeST Summer Stream Temperature Model were used in lieu
of field measurements because directly monitoring seasonal
temperature at each of the 221 sites in our study area was lo-
gistically infeasible (Isaak et al. 2017a). Although beaver Cas-
tor canadensis dams are often associated with nonnative brook
trout (Winkle et al. 1990; Lahr 2023), we did not include a
covariate for beaver dams because they were present in less
than 3% of sites.

Disturbances can provide opportunities for nonnative
species to colonize by altering physical habitat and depress-
ing native fish abundances (Moyle and Light 1996; Dunham
et al. 2002). In the western U.S., some hypothesize that wild-
fires may facilitate brook trout invasion, but current evi-
dence is equivocal (Shepard 2004; MTFWP 2006; Sestrich et
al. 2011). We assessed whether wildfires may be associated
with brook trout colonization in our study area by calculat-
ing the proportion of the catchment upstream of each site
that experienced high severity wildfire between the histori-
cal and contemporary electrofishing surveys (FIRE; Table 1).
We focused on high severity wildfires because they are closely
associated with fine sediment and woody debris additions
that may benefit brook trout, and we focused on upstream
catchments to match material transport processes (Warren
and Kraft 2003; Shepard 2004; Sestrich et al. 2011). Catch-
ment delineations were made using the U.S. Geological Sur-
vey StreamStats Basin Delineation tool (Ries III et al. 2017),
and 30 m resolution wildfire burn severity mosaics were ob-
tained from the Monitoring Trends in Burn Severity project
(Finco et al. 2012).

Timber harvest is another disturbance that may benefit
nonnative brook trout (Shepard 2004), so we calculated the
proportion of the catchment upstream of each site that expe-
rienced timber harvest between the historical and contempo-
rary electrofishing surveys. Harvest data obtained from the
LANDFIRE database (Rollins 2009) indicated that a cumula-
tive total of 2.9 km? of unburned forest had been logged
between the historical and contemporary sampling period
across all site catchments (0.1% of 2883.4 km? total). Be-
cause the scale of this disturbance was negligible in our study
area, we excluded timber harvest as a variable in subsequent
analyses.

‘Canadian Science Publishing

The accessibility of unoccupied habitat is a fundamental
control on all biological invasions (Elton 1958; Lockwood et
al. 2005). Because abiotic conditions in the dispersal corri-
dor can limit dispersal by headwater specialists (Schmidt and
Schaefer 2018), we investigated whether they may also limit
brook trout invasions in our study area. First, we identified
sources of brook trout that were adjacent to historically un-
occupied sites during or prior to the historical sampling pe-
riod. Brook trout in western North America are associated
with discrete habitats such as unconfined valley bottoms
and small lakes and reservoirs that may serve as “stepping
stones” for further invasion (Adams et al. 2001; Benjamin
et al. 2007). As such, we defined historical sources as (a)
first- to third-order stream segments located in geomorphi-
cally unconfined valley bottoms (Nagel et al. 2014) in which
three or more brook trout were captured in a single survey
prior to 2004, (b) downstream lakes and reservoirs that con-
tained lentic brook trout populations prior to 2004, and (c)
other stream reaches in which three or more brook trout
were captured in a single survey prior to 2004. Next, we
identified the nearest historical source to each site and cal-
culated the hydrologic distance between the two (SC_DIST;
Table 1) using NHDPlus Version 2 stream flowlines and pack-
age “SSNbler” in program R version 4.3.3 (McKay et al. 2012;
Peterson et al. 2024). Last, we used the R package “igraph”
(Csardi 2013) to query and compute the warmest mean Au-
gust water temperature (SC_TEMP), the highest annual mean
daily discharge (SC_FLOW), and the highest upstream stream
gradient (SC_GRAD) between each pair of locations because
each of these has been linked to decreased movement by
brook trout in previous studies (Adams et al. 2000; Petty et
al. 2012; Aunins et al. 2015; Table 1). SC_FLOW was com-
puted from streamflow predictions provided by the West-
ern U.S. Stream Flow Metrics dataset (Wenger et al. 2010),
and SC_GRAD was computed from a high-resolution stream
gradient dataset created by Isaak et al. (2022; Appendix S.2
therein).

The hypothesis that certain species or assemblages can pre-
vent new species from establishing (i.e., biotic resistance) has
persisted for over half a century (Elton 1958; Moyle and Light
1996), so we sought to evaluate its relevance to colonizations
in our study system. First, we considered the prior presence
or absence of native 0. mykiss as a candidate covariate (RBT;
Table 1) because introduced 0. mykiss may negatively affect
native brook trout in eastern North America (e.g., Larson and
Moore 1985). However, preliminary analyses revealed that
RBT consistently exhibited a positive association with the
probability of brook trout colonization, implying a causal re-
lationship with little biological justification. This spurious
“result” likely occurred because 0. mykiss were ubiquitous in
the lower portions of our study streams where brook trout
were common, whereas 0. mykiss were typically absent from
cold, high-elevation headwaters. As such, we excluded RBT
from all subsequent colonization models. Next, we included
the presence or absence of large fluvial or adfluvial bull trout
(i.e., >400 mm) as a candidate covariate (M_BLT; Table 1) be-
cause it has been proposed that their aggression, piscivory,
and(or) reproductive output may prevent brook trout from
successfully invading (Rieman and McIntyre 1993; Rich et al.
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2003; Warnock et al. 2014). Because migratory adult bull trout
are often intentionally avoided by electrofishing surveys, we
supplemented historical electrofishing data with previous re-
ports, publications, and life history delineations associated
with USFWS Species Status Assessments. We did not include
the presence or absence of cutthroat trout because the well-
documented effects of brook trout on cutthroat trout (e.g.,
Peterson et al. 2004) suggest that negative effects on brook
trout are unlikely.

Changes in site occupancy (i.e., colonization or abandon-
ment) are often investigated using dynamic occupancy mod-
els, which use replicate sampling events to explicitly account
for imperfect detection and changes in detection probability
over time (e.g., Eby et al. 2014; LeMoine et al. 2020). Because
replicate electrofishing surveys did not occur during the his-
torical sampling period and replicating surveys at all 221 sites
during the contemporary period was logistically infeasible (as
well as hazardous to the three ESA-listed species in our study
streams), fitting a dynamic occupancy model to our dataset
was not an option. However, information on detection prob-
ability can be readily obtained from multipass depletion sam-
pling (Carle and Strub 1978), which occurred across our en-
tire study area during both the historical and contempo-
rary sampling periods. Capture efficiencies estimated from
these data indicated that the median probability of detecting
brook trout in a single electrofishing pass was high during
both sampling periods (e.g., >0.9 when two individuals are
present) and effectively certain at densities associated with
nonnative brook trout populations (Fig. S1; Warnock and Ras-
mussen 2013; Voss et al. 2023). Furthermore, 90% of contem-
porary multipass surveys that detected brook trout (n = 70)
captured at least one individual during the first pass. These
results indicated that the effect of imperfect detection was
likely negligible (Tyre et al. 2003), so we assumed perfect de-
tection of Brook Trout in our occurrence data during subse-
quent analyses. For the purpose of inference (i.e., assessing
factors associated with changes in occupancy), dynamic oc-
cupancy models with perfect detection are mathematically
equivalent to two models that separately model the proba-
bility of site colonization and site abandonment (MacKenzie
et al. 2003). Here, the colonization model was fit to 163 ob-
servations from sites where brook trout were absent during
the historical sampling period. The response variable for sites
where brook trout were also absent from contemporary sur-
veys was encoded as 0 (signifying no change), whereas sites
where brook trout were subsequently detected were encoded
as 1 (signifying colonization). We initially attempted to fit a
separate abandonment model, but the scarcity of site aban-
donments in our dataset (four abandonments in 58 histori-
cally occupied sites) prevented us from doing so. Instead, we
described instances of abandonment qualitatively. Changes
in Bull Trout occupancy were not evaluated because capture
efficiencies were too low to assume perfect detection (Tyre et
al. 2003), and dynamic occupancy modeling was not an op-
tion for our dataset.

We investigated the relationship between the probability
of site colonization by Brook Trout and candidate explana-
tory variables using generalized linear mixed-effects models
with a binomial probability distribution and logit link func-

tion (Bolker 2008). Candidate variables included those associ-
ated with habitat suitability, biotic resistance, source connec-
tivity, and disturbance (n = 8 variables total). Potential mul-
ticollinearity among all candidate variables was assessed us-
ing Spearman’s rank correlation (rs; Bolker 2008). High cor-
relation (i.e., r; > 0.90) was observed between SC_FLOW and
SC_TEMP, which prompted the removal of SC_TEMP in favor
of SC_FLOW. We removed SC_TEMP because this metric was
intended to represent possible thermal barriers to dispersal,
but the SC_TEMP values in our dataset were all well within
the thermal tolerances of brook trout (Table 1; Isaak et al.
2017b). The only remaining r; > 0.70 was between SC_DIST
and SC_FLOW, but we retained both variables due to the
distinct theoretical underpinning of each variable, tolerable
variance inflation factors exhibited by both variables when
included in the same model (1.73 and 2.77, respectively), and
our subsequent use of multimodel inference, wherein multi-
collinearity affects precision, not bias (Burnham and Ander-
son 2004). All candidate covariates were standardized (i.e., z-
scored) prior to analysis.

Random effects can allow generalized linear models to ac-
count for spatial autocorrelation in spatially clustered sur-
vey data (Zuur et al. 2009). The random effect structure for
colonization models was identified using the procedure sug-
gested by Zuur et al. (2009), where alternative random ef-
fect structures under consideration are fit to full models that
contain all candidate fixed effects. We considered random ef-
fects for HUC-8 subbasin, HUC-10 watershed, HUC-12 subwa-
tershed, or no random effect terms. As such, we generated a
series of full models containing all possible combinations of
random effect terms. We then ranked models using Akaike’s
information criterion corrected for small sample sizes (AIC;
Hurvich and Tsai 1989) and used the random effect structure
with the lowest AIC, for all subsequent modeling (Zuur et al.
2009).

We used AIC, to rank a full model containing all candidate
covariates against a priori subsets of the full model that we
constructed based on existing literature and firsthand expe-
rience with the system under study (n = 196 colonization
models considered; Burnham and Anderson 2004). Models
that failed to converge were removed from consideration.
We retained models within 2.00 AIC. of the top model (i.e.,
AAIC. < 2.00) to obtain inference on the relationship be-
tween the response and explanatory variables. We assessed
model fit using the marginal coefficient of determination
(R?,, = the proportion of total variance explained by fixed ef-
fects) and conditional coefficient of determination (R?; = the
proportion of total variance explained by both fixed and ran-
dom effects; Nakagawa et al. 2017). We assessed predictive
accuracy using raw classification accuracy (CA = the propor-
tion of correct classifications) estimated using leave-one-out
cross validation and a 0.5 probability threshold. We calcu-
lated summed Akaike weights (S,,) across all candidate mod-
els to provide additional insight on the relative importance
of variables. Lastly, we employed full model averaging of top
models to generate response curves for candidate covariates
with S, > 0.5 (Burnham and Anderson 2004).

The influence of nonnative species often depends on their
abundance and demography in invaded habitats (Parker et
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Table 2. Changes in site-level brook trout detections in central Idaho bull trout streams be-
tween a historical (1999-2004) and contemporary (2022-2023) sampling period (n = 221 sites)
by ten-digit Hydrologic Unit Codes (HUC-10) watershed.

Historical Contemporary Proportional
HUC-10 watershed No. of sites detections detections change
Skeleton Creek-South Fork Boise River 51 3 5 0.04
North Fork Salmon River 27 3 2 —0.04
Middle North Fork Boise River 22 9 16 0.32
Wildhorse River 17 11 14 0.18
Challis Creek 17 6 7 0.06
Sawmill Creek 14 8 9 0.07
Crooked River 13 6 13 0.54
Slate Creek-Salmon River 12 0 0 0.00
Redfish Lake Creek-Salmon River 11 4 5 0.09
Upper South Fork Salmon River 9 5 8 0.33
Middle Lemhi River 7 3 3 0.00
Wet Creek 7 0 7 1.00
Basin Creek-Salmon River 3 0 0 0.00
Hayden Creek 3 0 0 0.00
Upper Lembhi River 3 0 3 1.00
Upper Little Lost River 3 0 0 0.00
Big Timber Creek 1 0 1 1.00
Summit Creek 1 0 1 1.00

Note: The total number of historical sites surveyed (No. sites), number of sites in which brook trout were detected during
the historical period (Historical detections), number of sites in which brook trout were detected during the contemporary
period (Contemporary detections), and change in the proportion of sites with brook trout detections (proportional change)

are reported for each watershed.

al. 1999; Wilcox et al. 2018; Voss et al. 2023), so we quali-
tatively described brook trout density and size structure in
colonized sites to provide additional context to our results.
Abundance in colonized sites that were surveyed by multi-
pass depletion was estimated using the Carle-Strub method
(Carle and Strub 1978). Abundance in sites that were surveyed
by a single electrofishing pass was estimated using a simple
linear regression of abundance versus first pass count from
contemporary multipass surveys (n = 108, R? = 0.94, Fig. S2).
Fish density was then computed by dividing abundance es-
timates by the wetted area surveyed. We then related brook
trout density in colonized sites to a threshold previously as-
sociated with depressed bull trout abundances in Idaho (Voss
et al. 2023). We used length-frequency histograms to provide
insight on whether colonizations were solely attributable to
large, mobile adults rather than small size classes often asso-
ciated with local population establishment (Benjamin et al.
2007). Bull trout x brook trout hybrids were excluded from
all analyses.

Results

The total number of site-level brook trout detections in-
creased between the historical sampling period (1999-2004;
n = 58 sites) and contemporary sampling period (2022-2023;
n = 94 sites, Table 2). We captured brook trout in 41 of the 163
sites (25.2%) where they were not detected historically and in
54 of the 58 sites (93.1%) where they were detected histori-
cally. Changes in the proportion of positive detections var-
ied widely across core areas, watersheds, and streams. Across

each of these scales, some areas exhibited little or no net
change in positive detections whereas others had all sites col-
onized (Table 2).

Colonizations by brook trout occurred over a broad dis-
tribution of stream temperatures (6.6-15.1 °C), widths (1.6—
8.9 m), and gradients (0.0%-11.9%; Fig. 2). Brook trout den-
sity in 88% of colonized sites was higher than a threshold
associated with depressed bull trout abundances in Idaho
(0.54 fish/100 m?), and 90% of colonized sites contained brook
trout < 150 mm (Fig. 3). Colonized sites tended to be warmer,
smaller, and lower gradient than sites that remained uncol-
onized. Most colonizations occurred in close proximity to
sources of brook trout located in the same subwatershed,
but in some instances colonizations occurred over 20 km
from the nearest source. No colonizations occurred in sites
that were separated from sources of brook trout by a large
mainstem river (i.e., estimated annual mean daily discharge
> 5 m3[s).

Each of the six top colonization models exhibited good
fit (R?, = 0.61-0.65, R?. = 0.79-0.81) and predictive accu-
racy (CA = 0.88-0.90; Table 3, S2). All top models included
a positive association with water temperature and negative
associations with the highest stream discharge and highest
stream gradient between a given site and the nearest source
of brook trout (SC_FLOW and SC_GRAD respectively; Table
3). Akaike weights (Sy) for each of these terms were > 0.80
(Table 4), indicating considerable support for their associa-
tion with brook trout colonization. The effect of SC_FLOW in
all top models was larger than that of any other terms; setting
SC_FLOW to the maximum observed value resulted in a prob-
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Fig. 2. Visualizations of candidate variables at electrofishing sites in bull trout streams where nonnative brook trout were
not detected during historical electrofishing surveys (n = 163). Data are binned by whether brook trout were subsequently
detected during resampling two decades later. Variables included estimated mean August water temperature (TEMP; °C), mean
wetted width (WIDTH; m), stream gradient (GRAD; %), the proportion of upstream catchment burned by severe wildfire (FIRE),
the hydrologic distance between a site and the nearest source of brook trout (SC_DIST; km), the highest annual mean daily
discharge between a site and the nearest source of brook trout (SC_FLOW; m?/s), the highest upstream stream gradient between
a site and the nearest source of brook trout (SC_GRAD; %), the prior presence of Oncorhynchus mykiss (RBT), and the prior
presence or absence of a migratory bull trout life history (M_BLT). Continuous variables are represented by boxplots, where
thick bars represent the median value, the diamond represents the mean, boxes extend from the 25th to the 75th percentile,
and whiskers extend to the minimum and maximum observed values. Categorical variables are represented by bar charts,
where bars represent the proportion of values in each bin and error bars represent 95% confidence intervals.
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Fig. 3. Fish densities (Panel A) and minimum total lengths
(Panel B) of brook trout encountered in sites that were col-
onized within the past two decades (n = 41 colonized sites).
The vertical dashed line in Panel A denotes a previously iden-
tified threshold density (0.54 fish/100 m?) above which bull
trout are typically rare or absent in Idaho.
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ability of colonization < 0.50 regardless of all other variable
values (Table 3; Fig. 4). In contrast, there was mixed support
for a positive effect of severe wildfire (FIRE; S,, = 0.53) and
weak support for wetted width (WIDTH; S,, = 0.42), stream
gradient (GRAD; S,, = 0.33), the presence of large migratory
bull trout (M_BLT; S,, = 0.32), and the distance between a site
and the nearest source of brook trout (SC_DIST; S,, = 0.36;
Tables 3 and 4). The random effect of HUC-10 watershed ex-
plained 15-18% of variation in the probability of coloniza-
tion in all top models (Table 3), indicating some among-
watershed differences were not explained by the fixed effect
terms.

Brook trout persisted in historically occupied sites span-
ning a wide range of temperatures (7.5-12.6 °C), sizes (1.7-
8.9 m), gradients (0.2-12.2%), and levels of disturbance (0%-
81% of the upstream catchment burned). Site abandonments
by brook trout were rare in our study area. We failed to detect
brook trout in only four of the 58 sites where they were his-
torically detected. One of these four abandonments occurred
in a wide (5.5 m), warm (13.6 °C) stream reach and another
occurred in a smaller (4.8 m), cooler (11.6 °C) reach that ex-
perienced a wildfire and post-fire debris flow two years prior
to sampling. The last two abandonments were located at the
upstream range limits of brook trout with historical mean
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Table 3. Top mixed-effects logistic models estimating the probability of brook trout colonization of previously unoccupied stream reaches in central Idaho over two

decades (n = 163).
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Note: All candidate variables were standardized (i.e., z-scored) prior to analysis. Candidate variables included estimated mean August water temperature (TEMP), mean wetted width (WIDTH), stream gradient (GRAD), the

proportion of upstream catchment burned by severe wildfire (FIRE), the hydrologic distance between a site and nearest source of brook trout (SC_DIST), the highest upstream stream gradient between a site and nearest

source of brook trout (SC_GRAD), the highest annual mean daily discharge between a site and nearest source of brook trout (SC_FLOW), and the prior presence or absence of a migratory bull trout life history (M_BLT).
P-values for each parameter estimate are reported in parentheses. Akaike’s information criterion adjusted for small sample sizes (AIC.) was used to rank candidate models and models within 2.00 AIC. units of the lowest

score (AAIC, < 2) were retained. Model fit was assessed using the marginal coefficient of determination (R%,), conditional coefficient of determination (R%.), and classification accuracy (CA). Classification accuracy was

estimated at a 0.5 probability threshold based on leave-one-out cross validation.
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Table 4. Sums of Akaike weights (S,,) for all candidate brook
trout colonization models (n = 196) containing a given vari-
able.

Variable class Variable Sw
Habitat suitability TEMP 0.80
WIDTH 0.42
GRAD 0.33
Disturbance FIRE 0.53
Source connectivity SC_DIST 0.36
SC_FLOW 0.93
SC_GRAD 0.97
Biotic resistance M_BLT 0.32

Note: Variables included estimated mean August water temperature (TEMP),
mean wetted width (WIDTH), stream gradient (GRAD), the proportion of up-
stream catchment burned by severe wildfire (FIRE), the hydrologic distance be-
tween a site and nearest source of brook trout (SC_DIST), the highest upstream
stream gradient between a site and nearest source of brook trout (SC_GRAD), the
highest annual mean daily discharge between a site and nearest source of brook
trout (SC_FLOW), and the prior presence or absence of a migratory bull trout life
history (M_BLT).

Fig. 4. Model-averaged response curves showing the associ-
ation between the probability of site colonization by brook
trout and the estimated mean August water temperature
(TEMP; panel A), the proportion of the upstream catchment
burned by severe wildfire (FIRE; panel B), the maximum up-
stream gradient (i.e., slope) located between the site and the
nearest source of brook trout at the time of initial sam-
pling (SC_GRAD; panel C), and the maximum annual mean
daily stream discharge located between the site and the near-
est source of brook trout at the time of initial sampling
(SC_FLOW; panel D). Solid lines with 95% confidence inter-
vals show associations when all other covariates are set to
median observed values. Additional response curves in pan-
els A, B, and C show associations when SC_FLOW is set to
its minimum (dashed line) and maximum (dotted line near
X-axis) observed value. All response curves extend from min-
imum to maximum observed values.
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August temperatures < 8.0 °C, although one of these was im-
mediately upstream of a stream segment that appeared inter-
mittent.

Discussion

Brook trout are a prominent and widespread threat to bull
trout and other cold-adapted salmonids, yet the scale of fu-
ture brook trout expansion into coldwater habitats has re-
mained uncertain (Isaak et al. 2015; USFWS 2015, 2024). Our
results indicate that previous uncertainty (e.g., Dunham et
al. 2002; Isaak et al. 2015) was not unfounded. Although site
abandonments were consistently rare in our study area, site
colonizations were highly variable across bull trout Core Ar-
eas, watersheds, and streams. Previous small-scale studies
also noted variability in the spread of brook trout from es-
tablished populations (e.g., Adams et al. 2002; Howell 2018),
but the larger scale of our surveys provides a more complete
picture of the true range of possible outcomes. Under the
right conditions (e.g., cool, low-gradient streams containing
source populations), brook trout are capable of colonizing
large areas in as little as two decades (e.g., > 20 km of the
Wet Creek watershed). However, they may also fail to colo-
nize large amounts of suitable and hydrologically connected
habitat in the same watershed despite almost a century of op-
portunities to do so. Such variability in outcomes highlights
the importance of understanding where and why brook trout
invasions tend to occur.

Landscape resistance may largely explain why brook trout
in some watersheds have remained confined to the streams
where they were originally stocked almost a century ago, de-
spite the presence of suitable habitat nearby. Landscape re-
sistance is known to mediate the dispersal, gene flow, and
metapopulation dynamics of many freshwater fishes, par-
ticularly headwater specialists (Schmidt and Schaefer 2018;
LeMoine et al. 2020). The high support for landscape re-
sistance metrics (i.e., SC_FLOW, SC_GRAD) in our results,
combined with the relatively low support for isolation-by-
distance (i.e., SC_DIST) provides the first quantitative evi-
dence that landscape resistance also mediates invasions by
nonnative brook trout.

The high importance of SC_FLOW in our colonization mod-
els indicates that the large mainstem rivers in our study area
functioned as barriers to brook trout dispersal over the time
scale we examined. This result is consistent with field ob-
servations by fisheries biologists (e.g., Isaak et al. 2015), the
high genetic differentiation observed among many adjacent
brook trout populations in Idaho (Neville and Bernatchez
2013), and the effect of some mainstem rivers on connectiv-
ity between native brook trout populations in eastern North
America (e.g., Aunins et al. 2015). The numerous differences
between large rivers and small streams make the question
of why large rivers function as dispersal barriers difficult to
answer, but our results provide some insights. For example,
previous research suggests that the temperatures and gradi-
ents present in the mainstem rivers in our study area were
suitable for brook trout, whereas streamflows were higher
than those typically occupied by brook trout in the Rocky
Mountains (Isaak et al. 2017b; Voss et al. 2023). However,

high streamflows alone seem unlikely to physically impede
adult brook trout given that salmonids are generally capa-
ble swimmers and that some native brook trout populations
exhibit fluvial life histories (e.g., Curry et al. 2002; Stolarski
and Hartman 2010). As such, we propose two nonexclusive
hypotheses for why the mainstem rivers in our study area act
as dispersal barriers. First, the brook trout in our study area
may be genetically predisposed to a high degree of philopa-
try (i.e., low straying), perhaps due to biased selection of res-
ident native populations for hatchery propagation or artifi-
cial selection in hatcheries (Busack and Currens 1995). This
hypothesis is difficult to assess because brook trout in Idaho
were repeatedly introduced using multiple hatchery strains
drawn from native populations of unknown origin (Neville
and Bernatchez 2013). Second, brook trout dispersal may de-
pend on the dispersal corridor itself containing suitable for-
aging conditions, an explanation consistent with patterns of
gene flow among native brook trout populations in eastern
North America (e.g., Huntsman et al. 2016). Competition with
0. mykiss may further discourage brook trout from foraging in
deep mainstem habitats, as observed in eastern North Amer-
ica (Trego et al. 2019). As such, the benefits of foraging in the
large montane rivers of our study area may be insufficient
to motivate adult brook trout to leave their natal streams,
explore the mainstem, and enter other tributaries in large
enough numbers to encounter mates if suitable spawning
habitat is discovered (i.e., insufficient propagule pressure to
overcome Allee effects; Keitt et al. 2001; Taylor and Hastings
2005). However, adult brook trout are occasionally encoun-
tered in large western rivers (Voss et al. 2023), suggesting
that successful colonization (an inherently probabilistic pro-
cess) of new stream networks may be possible over a longer
time scale than this study examined. The permanence with
which mainstem rivers function as dispersal barriers to non-
native brook trout is currently unclear, but future research
focused on movement or gene flow may be able to resolve
this management-relevant question.

In stream networks where brook trout have already be-
come established, landscape resistance still mediates new col-
onizations via stream gradient. Gradients higher than ~20%
are widely regarded as total barriers to upstream movement
by salmonids (Adams et al. 2000; Isaak et al. 2022). Although
our results largely support this rule-of-thumb, they also indi-
cate that moderate gradients act as partial barriers and pro-
gressively higher gradients are less permeable. Field experi-
ments and observational studies support this interpretation.
For example, Adams et al. (2000) found that nonnative brook
trout make upstream movements less frequently and across
shorter distances over progressively higher stream gradients.
Similarly, Kanno et al. (2011) found greater genetic differenti-
ation among native brook trout when individuals were sepa-
rated by high stream gradients compared to low gradients. As
such, long stretches of high but physically passable gradients
may still function as dispersal barriers by limiting propagule
pressure and diminishing the probability of the few individu-
als that do arrive encountering mates (Lockwood et al. 2005).

The importance of habitat suitability to biological inva-
sion is universal (Elton 1958). In our study system, the habi-
tat variable most closely associated with brook trout inva-

10 Can. J. Fish. Aquat. Sci. 83: 1-15 (2026) | dx.doi.org/10.1139/cjfas-2025-0293



http://dx.doi.org/10.1139/cjfas-2025-0293

Can. J. Fish. Aquat. >ci. Downloaded Trom cansciencepun.com by UNIVERSITY OF IDARO on 05/15/20

sion was water temperature, where warmer reaches had a
higher probability of colonization than colder reaches. Cli-
mate changes that increase water temperature will thus
likely lead to increased colonizations in bull trout streams,
which are generally colder than brook trout prefer (Paul and
Post 2001; McMahon et al. 2007; Voss 2025). This finding is
not unique to our study (e.g., Wenger et al. 2011b), but our
results further suggest that site colonizations will predom-
inantly occur in stream networks that already contain es-
tablished populations. Our results also support the hypoth-
esis that cold water temperatures can discourage brook trout
invasion (e.g., Rieman et al. 2006; Warnock and Rasmussen
2013). Brook trout in our study area did not colonize habi-
tats with mean August water temperatures < 6.6 °C, a min-
ima slightly colder than a previous field survey of nonna-
tive brook trout distributions (i.e., 7.5 °C by Gamett 2002).
Thermal regimes cold enough to exclude brook trout will be
increasingly scarce in the future (Al-Chokhachy et al. 2013;
Isaak et al. 2017a, 2017b), suggesting that future coloniza-
tions may be expected in areas that lack sufficient hydrologic
(i.e., streamflow) or geomorphic impediments to brook trout
dispersal.

The positive association between brook trout and water
temperature implies that habitat disturbances that increase
temperature may facilitate brook trout invasion. Timber har-
vest and beaver dams were too rare in our study area to af-
fect landscape patterns in brook trout colonization, but wild-
fires were widespread. Our models provided more support
for a positive association between wildfire and brook trout
colonization than a previous study in the Bitterroot River
basin, Montana (Sestrich et al. 2011), which (as the authors
propose) may be a result of the relative scarcity of brook
trout in their study area. However, support for this relation-
ship in our study area remains uncertain because the mod-
est effect sizes and P-values of FIRE in our top models in-
dicate this variable was largely uninformative (Sutherland
et al. 2023). Furthermore, the fact that one of the few site
abandonments in our study occurred in a steep drainage
that experienced a post-fire debris flow 2 years prior to sam-
pling suggests that the effect of wildfire on brook trout may
depend on geomorphic context and the time scale of in-
quiry. Wildfire effects may also act on biological scales that
were not examined in this study, such as the abundance of
previously established populations. Future research on the
short- and long-term responses of brook trout to wildfire
across a variety of habitats and biological scales could re-
solve the uncertainty surrounding this potentially important
relationship.

Despite considerable theoretical support for the biotic re-
sistance hypothesis (e.g., MacArthur and Wilson 1967; Cody
and Diamond 1975), our study adds to the growing body
of evidence that the salmonid assemblages native to west-
ern North America have little ability to resist colonization
by nonnative fishes (Moyle and Light 1996; Dunham et al.
2002). Native salmonid assemblages in bull trout streams typ-
ically consist of bull trout, cutthroat trout, and 0. mykiss. Cut-
throat trout are negatively affected by brook trout across
western North America (Peterson et al. 2004; Quist and Hu-
bert 2005; Bell et al. 2021), suggesting that the ability of
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cutthroat trout to resist colonization by brook trout is lim-
ited. In contrast, O. mykiss may negatively affect both native
and nonnative brook trout (Larson and Moore 1985; Warnock
and Rasmussen 2013). If a negative interaction with 0. mykiss
limited site colonizations by brook trout in our study area,
it was evidently unable to prevent the positive association
of 0. mykiss with colonization that we encountered during
preliminary analyses. Lastly, we assessed the possibility that
the presence of a migratory bull trout life history could dis-
courage brook trout invasion (Rieman and McIntyre 1993;
Rich et al. 2003; Warnock and Rasmussen 2014). Contrary
to our biotic resistance hypothesis, our results do not in-
dicate that a migratory bull trout life history discourages
site colonization. However, we cannot rule out the possibil-
ity that migratory bull trout and (or) 0. mykiss could con-
strain brook trout abundance or otherwise be more resilient
to brook trout than stream residents. Evaluating biotic resis-
tance to later stages of invasion was outside the scope of this
study, but we expect that future research will provide useful
insights.

This study provides quantitative evidence that brook
trout invasions in montane landscapes are ongoing, are
temperature-mediated, are more likely to occur in areas
connected to source populations by low-order, low-gradient
streams, and are less likely to occur in areas that are not.
Beyond informing future threat assessments and forecasting
(sensu Isaak et al. 2022), these findings have several impor-
tant implications for how control efforts are prioritized and
implemented on the ground. For example, strategic priori-
tizations of brook trout removal may benefit from explic-
itly considering the consequences of range expansions in the
near (rather than distant) future, particularly in low-gradient
stream networks where brook trout are already established.
Although the overall distribution of nonnative brook trout
will likely contract over the next century (Wenger et al.
2011b; Bell et al. 2021; Voss 2025), areas of persistence and
expansion will likely be the same small, cold streams critical
to the persistence of bull trout and other climate-sensitive
native species. Future prioritizations may also benefit from
occasionally surveilling putatively uninvaded streams (e.g.,
using eDNA sampling), which may provide opportunities to
eradicate brook trout before widespread establishment oc-
curs. Next, future eradication efforts may be able to use suffi-
ciently large rivers and(or) high stream gradients to prevent
recolonization without installing a fish barrier (a major con-
cern surrounding brook trout eradications in streams; Fausch
et al. 2009; Peterson et al. 2013), thereby allowing the migra-
tory life histories of more mobile native fishes to persist. Such
an approach may be particularly useful in watersheds con-
taining ESA-listed anadromous fishes, where installing new
barriers to prevent recolonization conflicts with conservation
objectives. Concurrently, the potential consequences of re-
moving existing barriers upstream of established brook trout
populations deserve careful consideration (e.g., Peterson et al.
2013). The upper portions of multiple streams in our study
area were invaded following the removal of anthropogenic
barriers in the early 2000s, and one of these reaches subse-
quently exhibited the highest brook trout density observed
during this study (23.2 fish/100 m?; Fig. 3). Both the current

Can. J. Fish. Aquat. Sci. 83: 1-15 (2026) | dx.doi.org/10.1139/cjfas-2025-0293 11



http://dx.doi.org/10.1139/cjfas-2025-0293

Can. J. Fish. Aquat. >ci. Downloaded Trom cansciencepun.com by UNIVERSITY OF IDARO on 05/15/20

‘Canadian Science Publishing

and future suitability of unoccupied habitats upstream of ex-
isting barriers to brook trout deserve careful evaluation, as
do the potential consequences of rapid, rather than gradual
invasion.

Human activities have relegated many populations of bull
trout and other native salmonids to networks of small mon-
tane streams (Comte et al. 2013; Eby et al. 2014; Bell et al.
2021). The future condition of these streams will largely reg-
ulate which populations survive the next several centuries of
climate warming, and the subset of streams expected to re-
main thermally suitable will be critically important to long-
term conservation (Isaak and Young 2023). Because brook
trout are perhaps the only nonnative fishes in North America
capable of invading these climate refugia (Isaak et al. 2015,
2017b), preventing them from doing so will also be critical.
The results of this study suggest that brook trout are actively
expanding their distribution in coldwater streams and that
future warming may lead to future expansion in habitats
unprotected by existing barriers or landscape resistance. As
temperatures continue to rise, understanding the factors that
permit and prevent brook trout colonizations in critical habi-
tat for bull trout and other native salmonids will be increas-
ingly important.
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