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ABSTRACT

In the moist, coniferous forests of Oregon and Washington, a dense network of headwater streams supports high levels of amphib-
ian species endemism and diversity, including the torrent salamanders (Rhyacotriton spp.). The Columbia and Cascade torrent
salamanders (R. kezeri and R. cascadae, respectively) are species of greatest conservation need, but current information is insuf-
ficient for an adequate status assessment. We aimed to determine the current distributional extent, occurrence, and abundance
of both species across their respective ranges, and to characterize watershed-scale habitat suitability. We conducted rangewide
surveys for both species and used a novel, robust model development and refinement process to characterize habitat suitability
based on climatic, topographic, forest-structure, hydrological, and water-balance drivers of their distributions. Results supported
interspecific differences in rangewide occurrence and abundance patterns, as well as ecological associations that provide in-
sights into potentially divergent patterns of resilience. Topographic, water-balance, and streamflow metrics were top predictors of
Columbia torrent occurrences, whereas metrics of seasonal temperature and atmospheric moisture were top predictors of Cascade
torrent occurrences. Our findings can inform regional conservation planning efforts to identify likely climate refugia and habitat-
connectivity pathways for gene flow and watershed-scale ecological resilience.

1 | Introduction ecosystem-based forest management approaches have developed

over the past three decades to reconcile species conservation

Biodiversity conservation is one of the foremost challenges of
the 21st Century owing to multiple threats, including habitat
loss and fragmentation, climate change, invasive species, con-
taminants, and emerging infectious diseases (IPBES 2019). In
particular, the conservation of species in forest ecosystems is of
heightened concern because of interactions between high levels
of endemism and myriad socioeconomic priorities like commod-
ity production and land conversion. Climate change impacts on
forest ecosystems, including those that manifest via megafires,
droughts, and extreme weather events (e.g., floods, heat waves),
provide emerging evidence that climate change acts as a threat
multiplier alongside habitat loss (Vose et al. 2018). Although
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with forest land uses (Olson and Van Horne 2017), freshwater
species in forests have been considered “weak links” in biodiver-
sity conservation owing to an array of variables and threats (cli-
matic or otherwise) that intersect communities, processes, and
functions between water and land (Penaluna et al. 2017).

Aquatic biota in the moist coniferous forests of the U.S. Pacific
Northwest (PNW) exemplify a complex interaction between
climate change and forest ecosystem management. The PNW
is a topographically and ecologically diverse region that
spans Oregon and Washington. Heavy seasonal rainfall is a
hallmark of PN'W climate. The sharp topographic relief and
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Summary

« Torrent salamander distributions reflect a dependence
on cold, headwater streams within moist coniferous
forests that buffer from environmental variability,
among other species-specific associations.

parallel alignment of the Coast and Cascade Ranges interact
with storm systems to create dual rain-shadow effects result-
ing in heterogeneous local microclimates and numerous, dis-
crete watersheds with dense streamflow paths that permeate
throughout coniferous forests. Smaller streams in headwater
sub-basins are spatially or seasonally discontinuous and act
as small capillaries that contribute multiple downstream re-
sources (e.g., cold water, nutrients, downed wood, substrate
structural components). Within these moist coniferous forests,
seeps and headwater streams characterized by high-gradient,
rocky reaches can comprise over 70%-80% of the overall
drainage area in a large watershed (Gomi et al. 2002) and
contribute approximately 55% of the discharge exported from
regional river systems (Brinkerhoff et al. 2024). Headwater
basins of the Coast and Cascade Ranges are home to a diver-
sity of freshwater-dependent species adapted to cold-water
conditions (Thurman et al. 2022). In particular, headwaters
support high levels of amphibian species endemism and di-
versity, which can be important taxonomic barometers of eco-
system health and function (Welsh and Hodgson 1997; Welsh
and Ollivier 1998). The amphibian assemblage associated
with headwaters of the PN'W includes 52 species occurring
within or along headwater channels and adjacent riparian for-
ests, most of which are considered rare and of conservation
concern (Thurman et al. 2022). Headwater stream-associated
amphibians are a major component of stream and riparian
forest biomass and play a central role in forest food webs and
energy flow because of their unique life histories (Peterman
et al. 2008; Best and Welsh Jr. 2014). Stream-breeding species,
in particular, exhibit ontogenetic shifts in aquatic and terres-
trial habitat use and reciprocally transport nutrients between
streams and adjacent riparian forest habitats (e.g., Baxter
et al. 2005; Olson et al. 2007; Sdnchez-Hernandez 2020).

Torrent salamanders (Rhyacotriton spp.) comprise a unique
clade of four endemic, headwater stream-breeding species,
including the Cascade (R. cascadae), Columbia (R. kezeri),
Olympic (R. olympicus), and Southern (R. variegatus) torrent sal-
amanders (Good and Wake 1992). Despite the establishment of
ecosystem-based management approaches to address forest bio-
diversity conservation in the PNW (e.g., patchwork of streamside
protection zones; Olson et al. 2007) and ecology-based forestry
objectives to restore ecological integrity and resilience (Reeves
et al. 2018; Gaines et al. 2022), all four species are considered
to be of high conservation concern (Thurman et al. 2022).
Recently, the Columbia and Cascade torrent salamanders were
petitioned for listing under the Endangered Species Act (U.S.
Fish and Wildlife Service 2015) and are undergoing status re-
view. Both species have a dearth of basic ecological informa-
tion, but are thought to be highly vulnerable to environmental
changes, including forest management practices and climate
change (Howell and Maggiulli 2011; Olson and Burton 2019;
Thurman et al. 2022).

Torrent salamanders are adapted to cold-water habitats and
have among the lowest thermal and desiccation tolerances of
any amphibian genus (Ray 1958; Brattstrom 1963; Bury 2008).
For example, Cascade torrent salamanders are typically absent
from streams that exceed 14°C for extended periods (Pollett
et al. 2010). Both Columbia and Cascade torrent salamanders
appear to be patchily distributed throughout their ranges and
are encountered in fewer sites relative to other co-occurring am-
phibian species (Corn and Bruce Bury 1989). The distribution
of the Cascade torrent salamander extends across portions of
the west slopes of the Cascade Range in northern Oregon and
southern Washington (Howell and Maggiulli 2011). Columbia
torrent salamanders primarily occur in mature, coniferous
forests of the Coast Range of northwest Oregon and southwest
Washington (Good and Wake 1992) but have been observed in
younger stands managed for timber production. Both species
are associated with small, often spatially intermittent, high-
gradient, cool- or cold-water streams, including seeps and wa-
terfalls, stream edges beneath rocks, moss, or wood, and in the
splash zone (Jones et al. 2005; Olson and Weaver 2007; Olson
and Burton 2014). During heavy rains, individuals may stray
from the stream and can be found under leaf litter, branches,
and small logs in upland forests (Howell and Maggiulli 2011).

The main suspected threats to Columbia and Cascade torrent
salamanders include factors that degrade habitat quality, par-
ticularly those that result in increased water temperatures
and sedimentation (Thomas et al. 1993; Lannoo 2005). Other
natural and anthropogenic events that destabilize the geo-
morphology or hydrology of streams (e.g., debris flows that
scour bedrock, high peak flows from rain-on-snow events)
have also been considered problematic to torrent salaman-
ders (Crisafulli et al. 2005). Several studies have examined
impacts of forest management and timber-harvest practices
(and associated roads) on stream-associated salamanders,
owing to the legacy of widespread, unregulated historical log-
ging in headwater forest drainages, paired with a subsequent
intensification of management practices in the PNW (Kroll
et al. 2010; Emel et al. 2019). In general, diverse studies have
reported: (1) higher torrent abundances in streams of old-
growth forests (Corn and Bury 1991; Welsh and Lind 1991);
(2) lower torrent abundances in intensively managed forests
(i.e., clearcut stands) and younger forest age-classes (e.g.,
Steele et al. 2003; Kroll et al. 2008), particularly in unbuffered
streams (e.g., Pollett et al. 2010) or streams with narrower buf-
fers (e.g., <70m: Olson and Burton 2014 and <140 m: Olson
and Ares 2022); (3) positive associations with north-facing
streams and older riparian-forest age-classes of approximately
45years or more (Steele et al. 2003; Russell et al. 2004, 2005;
Kroll et al. 2008); and (4) increased gene flow via overland
dispersal of the Columbia and Southern torrent salamanders
between watersheds with landscape-scale attributes of forest
cover and fewer roads (Emel et al. 2019). Intensive forest man-
agement practices increase the risk of elevated in-stream tem-
peratures and sedimentation, potentially altered streamflows,
and reduced moisture conditions in riparian forests (Leonard
et al. 1993; Thomas et al. 1993; Anderson et al. 2007; Groom
et al. 2011; Olson and Burton 2019).

Torrent salamanders are considered sentinels of forest integ-
rity and have been described as critical biological indicators
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of cool, moist forests and cold-water refugia (Welsh and
Hodgson 1997; McIntyre et al. 2012). Growing concern over
potential population declines in both the Columbia and
Cascade torrent salamanders and their associations with de-
clining, old-growth forested habitat in the PNW (Corn and
Bruce Bury 1989; Welsh and Lind 1996; Strittholt et al. 2006)
prompted the current study. We aimed to determine the cur-
rent distributional extent and prevalence of Columbia and
Cascade torrent salamanders across their respective ranges
and to use a novel, robust approach to characterize watershed-
scale habitat suitability. We conducted rangewide assessments
for both species based on a priori modeled habitat associations
developed from general habitat metrics associated with his-
torical occurrences, then used contemporary survey results
and other site-level data to address more specific climatic,
topographic, forest-structure, hydrological, and water-balance
drivers of species' distributions. Our approach focuses on
broad spatial scales, filling a critical information gap to help
inform landscape-scale conservation prioritization, such as
through the identification of biophysical and climatic refugia.

2 | Methods
2.1 | Site Selection

We compiled existing information on habitat associations
for both species to develop site selection criteria for field
surveys. We used ecological niche factor analysis (Hirzel
et al. 2002) of broad-based habitat associations (Appendix S1:
Table S1) to inform sampling locations by binning model
output into three bins corresponding to high-, moderate-,
and low-association habitat using R package adehabitatHS
(Calenge and Basille 2023). We generated random points for
selecting sampling sites within the three bins by intersecting
points with first- and second-order headwater stream chan-
nels (Gomi et al. 2002) and constraining our site selection to
streams within 200 m of a road owing to field logistics and site-
accessibility constraints. We sampled 50 sites within the range
of the Columbia torrent salamander (32 high-association, 15
moderate-association, and 3 low-association habitat sites)
(Appendix S1: Figure S1). We sampled 48 sites within the
range of the Cascade torrent salamander (37 high-association,
9 moderate-association, and 2 low-association habitat sites).
We skewed site selection toward high-association habitat to
optimize the potential for encounters and improve our ability
to further refine habitat-suitability estimates.

2.2 | Field Surveys and Observational Data

We sampled all 98 sites across both species ranges from April to
August 2019, with the bulk of sampling occurring in springtime
to coincide with the peak surface-active season. To accommo-
date sampling across two mountain ranges (Coast Range and
Cascade Range) and two U.S. states (Oregon and Washington),
we arrayed the timing and location of surveys in a stratified
random design to minimize seasonal biases in observations.
At each site, we hand-sampled for salamanders using a time-
constrained visual-search method; two surveyors walked up-
stream along different search paths on opposite sides of the

stream channel for a total of 1 h. We used a time-constrained ap-
proach to accommodate habitat heterogeneity and discontinuity
in the stream channel, which allowed surveyors to efficiently
search in-stream, along the stream bank and side-channel habi-
tats, and throughout nearby seeps. We collected data on the oc-
currence and counts (no. animals per person-hour per site) of all
amphibian species encountered.

We also collated existing occurrence and count data for torrent
salamanders provided by state and federal resource-agency col-
laborators to supplement our 2019 field survey data. Compiled ob-
servational data such as these are prone to errors of observational
certainty and geographic sampling biases. To maximize observa-
tional certainty, we used only observations documented by a biolo-
gist, researcher, or taxonomic expert. Even though the majority of
these observations came from targeted inventory or survey efforts,
sampling bias was still an issue as data were highly clustered at
fine scales in portions of the region. We performed spatial filter-
ing (subsampling) of the historical records to help reduce spatial
autocorrelation due to uneven sampling efforts. We randomly
subsampled the observations to include only one observation per
1km grid cell, which accounted for the coarsest spatial resolution
of the environmental variables. We also excluded museum records
and only retained records pre-1990 if data were from reputable
sources and from areas on the landscape that have not had more-
contemporary surveys but are expected to still contain torrent
salamanders. This included 51 observations of Cascade torrent sal-
amanders from 1977 to 1989 and seven observations of Columbia
torrent salamanders from 1968 to 1985. These filtering procedures
resulted in a total of 537 observations of Cascade torrent salaman-
ders and 426 observations of Columbia torrent salamanders across
their respective ranges.

2.3 | Climatic and Environmental Data

To determine the factors driving watershed-scale habitat suit-
ability for torrent salamanders, we leveraged a large body of
spatially comprehensive data on 58 variables representing an a
priori model set of topographic, riparian forested habitat, hydro-
logical, water-balance, and climatic conditions (Appendix S2:
Table S1). Each variable group is described below, with details
on deriving or extracting predictors for use in the variable se-
lection process. All analyses were conducted in QGIS version
3.28.15-Firenze, SAGA GIS version 9.3.1, Python version 3.9,
and R version 4.4.1.

2.3.1 | Topographic Variables

We obtained digital elevation model (DEM) datasets at 1/3 arc-
second (10-m) resolution from the USGS 3D Elevation Program
(U.S. Geological Survey 2023). DEM rasters were reprojected
and mosaicked. From the DEM raster, we derived slope (per-
cent) and aspect (degrees) layers. We calculated the topographic
wetness index (TWI), which is commonly used to quantify topo-
graphic control on hydrological processes (Moore et al. 1991;
also known as the Compound Topographic Index [CTI]). Low
TWI values represent small catchments and steep slopes; high
TWI values represent large catchments and gentle slopes. The
equation for TWT is:
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n(05) M

where a represents the catchment area per pixel (10mx 10m) and B
refers to the slope (in radians). We used SAGA fill sinks tool (Wang
and Liu 2006) to identify and fill surface depressions in the DEM,
and used SAGA flow accumulation tool to determine the accumu-
lated weight of all cells flowing into each downslope cell (i.e., up-
slope contributing area or catchment area) using the filled DEM.

2.3.2 | Riparian Habitat Variables

We assessed forest-structure and component variables that
characterize riparian forest age, community type, and density.
However, our design was not specifically aimed to determine as-
sociations with old-growth forest conditions; this was a broader
characterization of forest condition at sampled sites. We used two
datasets for characterizing riparian habitat: National Land Cover
Dataset (Dewitz 2019) and modeled forest-vegetation data from
the Landscape Ecology, Modeling, Mapping, and Analysis Team
(Landscape Ecology Modeling, Mapping, and Analysis (LEMMA)
Team 2020). Dewitz (2019) provide estimates of percent tree can-
opy, generated primarily from multi-spectral Landsat imagery.
The LEMMA Team used gradient nearest-neighbor imputation
methods to characterize forest-vegetation structure and com-
ponents based on 30-m Landsat imagery, Forest Inventory and
Analysis data, and other geospatial data products.

We used the Riparian Climate Corridor Index from Krosby
et al. (2018) that provided an integrated assessment of how well
specific riparian forest areas may serve as corridors to facilitate
species movements under climate change. Riparian forest areas
are also important for PNW forest-dependent amphibians as they
provide cool, moist microclimates (Anderson et al. 2007; Olson
and Kluber 2014). High values of the riparian index, which inte-
grates five attributes, are generally found in mountainous areas
and characterize riparian areas that are most expected to support
climate adaptation because they: (1) span large temperature gra-
dients; (2) have high canopy cover; (3) have low levels of solar
exposure; (4) are relatively wide; and/or (5) have minimal human
alteration. Corridors were defined as the potential riparian area
that runs longitudinally along a stream from the outlet up through
the hydrologic network of a watershed, ending at the stream ini-
tiation point. The indices were provided for sixth- through first-
level HUCs, corresponding to index values of progressively longer
downstream potential riparian corridors from the headwaters
to the outlet. We used only the sixth-level HUC (HUC12) index
attributed to points at the headwaters of each watershed since
torrent salamanders are headwater stream-associated species and
downstream corridors are likely less relevant to their movement.
We performed a nearest-neighbor join function to attribute those
index values to nearby torrent salamander sampling locations
and scaled the index from O to 1.

2.3.3 | Hydrological and Water-Balance Variables
We obtained estimates of streamflow permanence from

PROSPER (Sando and Hockman-Wert 2019; Jaeger et al. 2019),
a raster-based empirical model that provided probabilistic

predictions of stream channels having year-round surface flow
for any unregulated and minimally impaired stream channel.
The model provides annual predictions for 2004-2016 at 30-m
resolution. We also obtained historical streamflow metrics
for the western U.S. from Wenger et al. (2010), including an-
nual and seasonal discharge values. Streamflow metrics were
based on daily simulations of variable infiltration capacity
(VIC) hydrologic-model outputs used to calculate a set of sum-
mary flow metrics that describe key attributes of the flow re-
gime for each stream segment in the 1:100,000-scale National
Hydrography Dataset for the period 1977-2006.

We obtained multiple water-balance metrics from several
sources. First, we obtained precipitation and maximum vapor-
pressure deficit (VPD) data from PRISM (Parameter-elevation
Relationships on Independent Slopes Model) version ANS81 at
800-m spatial resolution, available as continuous rasters of daily
values (Daly et al. 2008). We derived metrics for winter and
summer conditions for the seasons spanning 01 November-31
March and 01 June-31 August, respectively. We additionally
included the growing season (01 April-15 October) for precip-
itation. Second, we obtained spatially gridded, monthly water-
balance model data from Tercek et al. (2018) at 1-km resolution
for actual evapotranspiration (AET), moisture deficit, and soil-
water storage, available via a THREDDS server (Appendix S2:
Table S1). The water-balance values were then calculated as ei-
ther sums (AET and moisture deficit) or means (soil-water stor-
age) for the winter (01 November-31 March) and summer (01
June-31 August) months. Lastly, we obtained daily snow-water
equivalent (SWE) and water vapor-pressure data from DAYMET
(Thornton et al. 2020) at 1-km resolution, available as NetCDF
rasters. We stacked and subset SWE rasters by winter season (01
November-31 March) and conducted cell-by-cell calculations
of the cumulative sum of SWE (i.e., total accumulation) for the
winter season.

For each water-balance variable, we summarized prevailing
conditions as preceding 5-year means and standard deviations.
The 5-year means and standard deviations were calculated as
the means and standard deviations of annual or seasonal means
(or totals) across the 5years prior to our surveys (inclusive of
survey year). These 5-year means and standard deviations were
chosen to avoid potential biases arising from anomalous condi-
tions within a single year or season.

2.3.4 | Climatic Variables

We characterized ambient air temperatures for different
seasons using 30-m resolution PRISM climate data (Daly
et al. 2008). Methods for extracting temperature data followed
the same procedure as for precipitation and VPD (see section
on hydrological and water-balance variables). We addition-
ally derived heat-stress values based on hypothesized thermal
optima. Brattstrom (1963) determined Rhyacotriton (species
unknown) had a low critical thermal maximum (CT,,,) of
28.3°C. Bury (2008) determined adult R. variegatus reached
CT,, .. at 27.9°C (x1.1°C; larvae ranged 26.7°C+0.7°C). We
used this information on CT_, for Rhyacotriton to derive a
heat-stress variable that reflects exceedances in temperature
tolerance, defined as the total number of days exceeding the
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predetermined threshold temperature (T),;,,) of 27.9°C in the
summer season. Note that R. variegatus occurs south of both
our focal species and, therefore, CTM for R. variegatus may
slightly differ. Heat stress was measured as the total number of
days throughout the summer season when T,,, >27.9°C (and
summarized as 5-year mean and standard deviation). We also
obtained modeled mean August stream temperatures, aver-
aged for 1993-2011, from NorWeST (Isaak et al. 2017) at 1-km
intervals along stream channels. Most headwater streams sur-
veyed in this study are not included in the NorWeST dataset;
therefore, temperature values of nearest neighbor streams were
used as proxies.

Spatial data manipulation and calculations of climate variables
in R were conducted using packages tidyverse 2.0.0 (Wickham
et al. 2019), dplyr 1.1.4 (Wickham et al. 2023), gtools 3.9.5
(Warnes et al. 2023), purrr 1.0.2 (Wickham and Henry 2023),
raster 3.6-26 (Hijmans 2023), (Pebesma 2018; Pebesma and
Bivand 2023) and terra 1.7-78 (Hijmans 2024).

2.4 | Variable Selection

To reduce the number of variables used in analyses, we calcu-
lated all pairwise Pearson's product moment correlation coeffi-
cients (r) and used a predetermined threshold of r<—0.7 or >0.7
to identify pairs of variables that were too highly correlated for
both to be included in the model. The variable within a cor-
related pair that had more ecological relevance was retained.
Variables that had multiple high intercorrelations with other
variables of ecological meaning were removed.

2.5 | Statistical Modeling

We used boosted-regression trees (BRTs) to identify predictors
of torrent salamander occurrence and to inform habitat suit-
ability. BRTs construct many individual regression trees that
recursively partition the response variable(s) given a candidate
set of predictor variables, and then use a stochastic machine-
learning technique (boosting) to ensemble individual regres-
sion trees (De'ath 2007; Elith et al. 2008). A gradient boosting
machine-learning algorithm was used because it allows for the
simultaneous consideration of nonlinearities, different scales of
measurement, and interactions. For the construction of occur-
rence (presence/absence) models, we used a binomial distribu-
tion, with a learning rate of 0.001, bag fraction of 0.5, and a tree
complexity of 3, to allow for two- and three-way interactions to
be considered.

We followed a BRT model simplification procedure described
in Elith et al. (2008) that used 10-fold cross-validation (CV) to
assess changes in predictive deviance relative to the full model
when a predictor is removed; akin to a backward selection pro-
cess in linear regression. The procedure then used average CV
error to determine the optimal predictors for removal. We con-
ducted 10 runs per species and calculated the number of runs
(out of 10) that each predictor was identified for removal and
removed predictors that were identified in at least 50% of model
simplification runs.

We evaluated BRT model performance using three statistics: (1)
the CV estimate of predictive deviance (a measure of how well
the models predicted the subsets of withheld data; Buston and
Elith 2011); (2) the percentage of deviance in the response variable
explained by the model; and (3) the mean area under the curve
of the receiver-operator characteristic (ROC-AUC). Predictive de-
viance is a common loss function in boosted-regression analysis
used to measure the performance of the model, wherein the goal
is to minimize predictive deviance and improve model accuracy
through an iterative process until the model reaches an optimal
level of performance. ROC-AUC values range from zero to one,
wherein an ROC-AUC value of 0.5 represents model performance
no better than chance, and values increasing toward 1 indicate
improved model ability to discriminate presence from absence ob-
servations. We report the relative influence of predictor variables,
which is a measure based on the number of times a variable is se-
lected for splitting, weighted by the squared improvement to the
model as a result of each recursive split, and averaged over all trees.
The relative influence (or contribution) of each variable is scaled so
that the sum adds to 100, with higher numbers indicating stronger
influence on the response. Following Elith et al. (2008), we exam-
ined the magnitude of pairwise interaction effects by quantifying
the residual variance of a linear model fitted to determine the in-
fluence of the variable interaction on overall model variance. A
residual variance of zero indicates no interaction, with increasing
residual variance signaling greater interaction strength. BRT anal-
yses were conducted in R using packages ghm 2.2.2 (Ridgeway and
GBM Developers 2024) and dismo 1.3-14 (Hijmans et al. 2023).

2.6 | Habitat Suitability

Using rasters for each of the variables selected from the BRT
models, we first resampled rasters to a common resolution (30 m)
using bilinear interpolation, as needed, and masked all rasters
to stream reaches. The fitted BRT models were used to predict
habitat suitability (i.e., probability of occurrence based on high-
est performing environmental predictors; Table 1) using the pre-
dict function in the R terra package (Hijmans 2024). Occurrence
probability, or the likelihood the species is present at a given lo-
cation, puts the focus on habitat characteristics influencing spe-
cies presence rather than species detection, which assumes the
species is present. For predictions of habitat suitability across
the landscape, we added HUC12 watersheds without torrent sal-
amander observations to fill in gaps in the distributions of both
species (i.e., watersheds that serve as important connections on
the landscape between watersheds with torrent salamander ob-
servations). See Appendix S2: Figure S1 for an overview of these
gap-watersheds. The resulting output provides stream reach-
level habitat-suitability rasters. Although the species distribu-
tion models were built on presence/absence data collected via
this study and collated from historical records, species counts
were also made at sites surveyed in 2019. We used these count
data to examine the relationship between species’ counts and
predicted habitat suitability. We summarized the predicted hab-
itat suitability at sites for which counts were measured by cre-
ating a 100-m buffer around sampling sites and calculating the
median habitat-suitability score within each buffer. Buffers of
100m were created to capture variability in habitat suitability
at a spatial scale relevant to torrent salamander movement. We

50f17

85U8017 SUOLULLOD BAIERID B|qedldde 2y} Ag peunob a8 Sop1Le YO ‘88N JO SaINI 10} AReIq 1T 8UIIUO 81/ UO (SUORIPUOD-PUR-SWLR}/WD A8 1M Aed 1BU1UO//SANY) SUORIPUOD PUE S L 83 885 *[5202/60/2T] U0 ARiqi8uluO AB|IM * Ariq1T 201ASS 159104 UOIEN - UOS|O BUUESQ AG S700L 889T-2SLT/TTTT OT/I0P/L0dAB| 1M ALIq 1 jou|uo//SdRy W01y papeoumod ‘G ‘S20Z ‘889TZSLT



17521688, 2025, 5, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/1752-1688.70045 by Deanna Olson - National Forest Service Library , Wiley Online Library on [17/09/2025]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

wn
o
&
<
2
3
s
<
§
)
24
(sonunuo)) 5
=
(ueaw *YFISOUd) E
X X dousuew1ad mofjureans jo Lyfiqeqoid ueswW I1894-7T doudueuLIdd Mo[Jureans m
<
X Towrwins yead Surmp (ww ur) 95e10)s 19)eM-[10S A[TepP UBSUI JO UBIWI JTBIA-G SUTPIAI] (ueour) 93e10)S 19)M-[I0S 2
Py
19)uIm Surmp (/3 ur) Jus[eAnba 1e1em m
X -MOUs AJTep JO Wns dAI)B[NWND ) JO UBIW JBIA-S SUTPIIaI] (ueaur ‘g M S) JuUdTeAINDS 19)EM-MOUS m
S
X sonyeA 931eYdSIp dANB[NWIND Isn3ny A[rep Jo (9007-LL6T) UBSW [BILI0ISTH Mo[J I1sndny uedN W
X uoseas Jurmois ay) Surnp (wwr ur) uoryeirdroaxd AJrep [e10) Jo UBSW TBAA-G SUTPIAI] (ueowr) uonyeyrdroad uosess-gurmorn N
MO[J Tenuue d5eIdA® o) 0 (0€ 1oquuydos—T ABJA) IowIUINS
X X JOo MmoTJ Kep-£ 1SOMO] 1) JO 011eI (900T—LL6T) UBSUI [EILIOISTH Xopur Mo[J 3segq
Jouwrwns yead Surmp (wrw ur) LAV A[rep 1830}
X Jo ueaw 1834~ Surpasaid ur (UOTJRIASD 'PIS) UOTIBIIBA (@s ‘1aVv) uonerdsuenodeas [enjoy
(ueow {1HV)
X 1owwns yead Surmp (ww ur) LIV A[Tep 810} JO uedw I8a4-G SuIpadaid uoneridsueniodeas renjoy
9Fe10A® UO SIBIA ST AIDAS SINID0 YOIYM (9007-LL6T) Poriad [ed110ISTY K3o101pAYy pue
X QY3 10§ (TB2A OB MO[J ISaYSIY Y} “'9'T) SMO[J JO SILIdS WNWIXBW [eNUUY poojj 1834-67 oue[eq )M
X (e /W Ul) HIQ WO §'Z < $931) SAI] JO SUINJOA (HdA) 2183094 19d S9313 JO SWINJOA
X X HIQ wo s 7 < (2183097 1od S9213 JO I0qQUINU “3°T) $9I) dAI] JO AU (Hd 1) 21399y 13d $3913 JOo IoqUINN
X (W ur) $991) JUBUTWOPOD PUE JUBUTWOP [Tk JO JYSIOY UBIIAL ySey puels
S3ueyd JBWIO IOPUN SJUSWSAOUI SIS 9)eIIIOR] O} (IDDY) xapu]
X X SIOPLIIOD S 9AIOS ABUI SBAIE }S210] UBLIRdLI [[oM MOT] JO XopUT Uy JI0prLII0) dewr[) uerredry
X X $9313 JAI] JO 10400 Adoued Jusorad jo wing 19100 Adoue) jejqey uerredry
X UOTIB[NWINIOE PUE UOTIIAITP MO[J Jjount uo AyderSodo) 1201 Jo 3035J2 a3 JO Xopul Uy (IM.L) xopu] ssaujap dryderSodog,
X X (uoneuroul Jo 99133p “°T) ssoudaals Jo aINSLIAN adors
X X adors orydeadodo) e Jo (sea13ap ur) uondairp sseduro) 103dsy orydeiSodoy,
Jdpuewreres Idpueurees uondridsaq Jrqerrep dnoan
JUII0) BRIqUIN[OD JUIII0) dPEISE)
~
—
‘suondriosap o
[S)
pue ‘sdnoid 9[qerIeA pajeIoosse IRY) ‘SIopueureles (149227 ) JUSII0) BIqUIN[OD) PUE (9DPDISDI U0J14109DAYY) JUSIIO) IPBISEY) 0] SI2I) UOISSAIFI-Pa)s00q UT PIpN[OUI SI[qelIea Jo s [euld | T ATIV.L ©



17521688, 2025, 5, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/1752-1688.70045 by Deanna Olson - National Forest Service Library , Wiley Online Library on [17/09/2025]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

*paploq a1e sa10ads Y30q 10§ SPPOW ¢ [BULJ Ul UOISN[OUTL 10 PIIOI[AS SA[ELIBA "UOIJBIAID PIBPUE)S O} SIAYAI (IS, ‘UOIIRIAIGQR I, :2JON

XeW

1oyuim Surmp (O, ut SN pue "N usamiaq sousiagzip) oguer

X arnjeradwa) AJrep ueaw 1894-S Surpadaid ur (UOTIBIASD "PIS) UOIJBLIBA

XE

1opuim Surmp (O, ut Ny pue "N usamiaq

(a@s) @8uer arnjeroduwa) IUIA

X 20u210331p) ouer arnjeradwd) Afrep weaw 1ea4- Surpasaig (ueaur) o3uer ainjeradura) IJUTM
1urm Surnp (D, ur) aanjeraduwd) Ajrep
X X ueaw Iea4-G Surpadaid ur (WOTJBIASP "PIS) UOTJBRLIBA (as) sanyerodurd) ueowW IIUTN
X 1uim Surnp (D, ur) arnjeradurd) Ajrep ueswr 1eak-g SurpadaIg (ueowr) 21njeraduwro) UBSW IQJUIAN
sowwns yead Surinp (D, ur <N pue "N usomiaq
X 20u210331p) ouer a1njeradwro) Afrep ueaw 1ea4-g Surpasaig (ueowr) o3uer a1njerodurd) IoWUING
rowrwns yead Surmp (D, ur) arnjeradwa)
X Aqrep ueawr 1eo4-G Surpasaxd ur (WOTJBIASP "PIS) UOHJBLIBA (@s) sanjerodwo) UBSW JOWUWING
X rouwrwns yead Surmp (D, ur) arnjeradwa) A[Tep ueow 1e34-S SUIPadaiId (ueowr) a1njeradure) uLoW IoWWINS
Jowwns yead Surmp (D, ur) a1njeroduwe) WNWIXEU
X AJTep UBSUI JO UBSUI TBA-G SUTPIDAIJ UT (UOTIRIAID "PIS) UOTIRIIBA (@s) 2anjerodurd) WNWIXEUW JOWUWINS
(D66°'L7 2 ¥, uaym uoseos 1owrwins yead ay3 noydnory) skep jo
X X I2qUINU [B)03) SSIIS Jeay Uedw Ieak-G Surpadaid ur (WONeIASp "PIs) UOHBLIBA (ds) ssaa3is yeay
X (1102-€66T) sernjerodurd) weans jsndny 95eIoAe [BI1I0ISIY 1BIL-6T arnjeradwd) ureans ysndny arnyeradwag,
X 19jurm Surnp (ed ur) axnssaid rodea 1o7em AJTep uUBSW JO UBIW IBIA-S SuIpadald (ueowr) a1nssaxd 1odeA Jojem IOTUIM
I9jurm Surinp (ww ur) uonelrdroaxd Ajrep 1303
X Jo ueaw 1ea4-g Surpadard ur (UOIBIAD "PIS) UOTIRLIBA (as) uoneydroaid 1oyurm
193utm Surnp (eJy ur) gd A WNWIxXew (as) mo1yap aanssaxd
X X Aqrep ueow 1e94-G Surpaoaid ur (UOIJIASD “PIS) UOTIBLIBA -10deA WINWIIXeW JUTM
(ueowr) J10139p dInssaid
X 199uIm Surinp (edy ur) Qd A WNWIXeWw A[1ep ueaw 18ak-g Surpasaid -10deA WNWIXBW IJUTA
Jowwns yead Surmp (ed ur) arnssaid 1odea 10yem Afrep
X UBOW JO UBIW T8A-S Surpadaid ur (UOTIBIASD "PIS) UOIJBLIBA (as) 2anssaid 10dea 197em JowIwING
Jowwns yead Surmp (ed ur) anssaxd (ueawn) aanssaxd
X X J0deA 19)em A[TEp UBSW JO UBIW JBIA-S SUTPadaIg Jodea 193em JOWIUWING
Jowrwins yead Surmp (edy Ut {qdA) 3o1gop arnssaid-1odea (as) noryop ainssaxd
X WNWIXBW A[Tep UBAW 1B3A-G SuIpaoaid Ut (UOTIRIASD "PIS) UOTIRIIBA -10deA WNWIXEW JOWWNS
(as *4gdsodd)
X X dousuewrtad mopyureans jo Ajiqeqoid ueow 1894-ZT UT (UOIJRIASD "PIS) UOTJBLIBA doudueuLIdd mo[yureans
Jdpueureres JIdpueurees uondridsaq Jrqerrep dnoxp
JUI1I0) BIqUIN[OD JUII1I0) dPEISE)

(ponunuo)) | THATAVL

7 of 17



chose to report the median score because it better represents the
central tendency for skewed distributions of data (i.e., skewed
toward lower count values).

3 | Results

Columbia torrent salamanders were found at 36 of 50 sites
surveyed in 2019 (mean counts=11.90+17.22 SD individ-
uals/person-hour at a surveyed site), whereas Cascade tor-
rent salamanders were found at only 16 of 48 sites (mean
counts =3.48+6.78 SD). Average historical, site-level counts of
Columbia torrent salamanders were 10.17 (+14.10 SD) individ-
uals/person-hour, and Cascade torrent salamanders were 4.98
(£13.34 SD) individuals/person-hour. The final BRT models
were fitted with 10-fold cross-validation using 2350 trees for
the Cascade torrent salamander model and 950 trees for the
Columbia torrent salamander model. Predictive performance
was estimated from the subset of data excluded from model fit-
ting. The cross-validation estimate of mean predictive deviance
(i.e., prediction error) in the Cascade torrent salamander model
was 0.48 (+0.03), with 43% of the deviance in the response ex-
plained by the model. The final model had an ROC-AUC score
of 0.71 (+0.06). The cross-validation estimate of mean predictive
deviance in the Columbia torrent salamander model was 0.267
(£0.07), with 40% of the deviance in the response explained
by the model. The final model had an ROC-AUC score of 0.72
(£0.07).

3.1 | Cascade Torrent Salamander

Seasonal temperature and water-balance metrics were key
predictors of Cascade torrent salamander habitat suitability,
comprising most of the variable influence on predicted occur-
rence (24.03% and 45.94%, respectively, of the total relative
influence) (Figure 1la). Topographic, hydrological, and ripar-
ian forest conditions accounted for 12.18%, 11.04%, and 6.81%
of the variable influence, respectively. Five of the top eight
most important predictors of habitat suitability were seasonal
atmospheric moisture conditions. Atmospheric moisture met-
rics (a subcategory of the water-balance metrics) accounted for
40.28% of the total relative influence across all covariates. The
relationship between most of these metrics and predicted oc-
currence forms a bell-shaped curve. Therefore, highest habitat
suitability is associated with moderate or intermediate levels
of these factors (Appendix S3: Figure S1). For instance, varia-
tion in summer maximum vapor-pressure deficit, a measure of
variability in evaporative water loss, had the highest relative
influence of any variable, with predicted occurrence peaking
at low to moderate levels of variability in this metric. Similarly,
Cascade torrent salamanders appear to be most highly associ-
ated with low to moderate levels of several other water-balance
factors, including variability in winter precipitation, variability
in winter maximum vapor-pressure deficit, winter water vapor
pressure, and actual evapotranspiration. Together, these vari-
ables indicate habitat suitability declines with increasing ex-
tremes in water-balance conditions. However, a positive linear
relationship was evident with summer water vapor pressure
(i.e., humidity), which had substantial influence on predicted
habitat suitability for this species (Appendix S3: Figure S1).

Summer air temperature range, a measure of the difference in
daily minimum and maximum temperatures, had the stron-
gest relative influence of any temperature-related variable. The
probability of occurrence for Cascade torrent salamanders was
highest in areas with low-to-moderate temperature differences
in the summer. Examination of residual variances used to indi-
cate significant interactions among covariates from the fitted
model revealed 29 variable pairs as having non-zero residuals
(Appendix S3: Table S1), with 21 of the pairwise interactions
including the top five most influential variables (summer
maximum vapor-pressure deficit, summer temperature range,
winter water vapor pressure, Topographic Wetness Index, and
summer water vapor pressure). However, residual variances
were close to zero and, therefore, only marginally significant.

Habitat-suitability values for Cascade torrent salamanders
ranged from 0.06 to 0.99 at the stream-reach level and are sum-
marized at the HUC12 watershed level (Figure 2), with an ex-
ample of the finest resolution of habitat-suitability data (30-m)
provided for the Little Nisqually watershed (Figure 3). The rela-
tionship between median habitat-suitability values and Cascade
torrent salamander counts from field surveys was log-linear
(F) 46=32.62, p<0.001), wherein the number of individuals
observed increases logarithmically with increasing habitat-
suitability values (Appendix S3: Figure S3a). A steep increase in
counts occurs above suitability values of 0.8.

3.2 | Columbia Torrent Salamander

The top eight most influential predictors of Columbia torrent
salamander habitat-suitability were an almost equal repre-
sentation of the different categories of covariates. Slope was
the top predictor of habitat suitability (19.65% relative influ-
ence; Figure 1b). Probability of occurrence increases with in-
creasing slope, a typical feature of headwater stream systems
(Appendix S3: Figure S2). Water-balance metrics comprised
the majority of the total variable influence on predicted occur-
rence (28.9%), most notably mean summer water vapor pres-
sure and variation in actual evapotranspiration. Temperature
variables were the most represented of all the categories across
the model set, but comprised the second lowest percentage of
variable influence (17.84%). Riparian habitat and hydrological
metrics accounted for 11.95% and 21.67% of the total variable
influence, respectively. Climatic and water-balance conditions
in the summer were highly influential, with higher habitat
suitability associated with increasing water vapor pressure and
low to moderate variability in actual evapotranspiration in the
summer. Probability of occurrence, and thereby habitat suitabil-
ity, declined with increasing mean temperature in the summer.
With respect to stream hydrology, probability of occurrence was
greater with lower base flows and low to moderate variability
in streamflow permanence. Higher percent canopy cover, as-
sociated with a moderate volume of trees per hectare, was also
indicative of higher suitability habitat. Examination of resid-
ual variances used to indicate significant interactions among
covariates from the fitted model revealed 26 variable pairs as
having non-zero residuals (Appendix S3: Table S1), with 23 of
the pairwise interactions including the top five most influential
variables (slope, mean summer water vapor pressure, Base Flow
Index, variation in actual evapotranspiration, and variation in
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a) Summer max vapor pressure deficit (sd)
Summer temperature range (mean)
Winter water vapor pressure (mean)
Topographic Wetness Index

Summer water vapor pressure (mean)
Actual evapotranspiration (mean)
Winter precipitation (sd)

Winter max vapor pressure deficit (sd)
Summer mean temperature (sd)
Percent canopy cover live trees

Base flow index

Riparian Climate Corridor Index

Mean August flow

Winter temperature range (sd)

Aspect

Streamflow permanence (mean)
Streamflow permanence (sd)

Winter mean temperature (sd)
Summer water vapor pressure (sd)
Slope

Trees per hectare

Stand height

Winter max vapor pressure deficit (mean)
Heat stress (sd)

b) Slope
Summer water vapor pressure (mean)
Base Flow Index

Actual evapotranspiration (sd)
Streamflow permanence (sd)

Percent canopy cover live trees
Volume of trees per hectare

Summer mean temperature (mean)
Winter max vapor pressure deficit (sd)
25-year flood

Soil water-storage (mean)

Winter temperature range (mean)
August stream temperature

Summer maximum temperature (sd)
Winter mean temperature (sd)
Growing season precipitation (mean)
Winter mean temperature (mean)
Streamflow permanence (mean)
Riparian Climate Corridor Index

Heat stress (sd)

Trees per hectare

Aspect

Snow-water equivalent (mean)

® 11.50
® 1111
® 8.36
® 772

® 6.86
® 6.54

® 548
® 3.93
® 386
® 357
® 320
® 313
® 3.09
® 305
® 273
® 242
® 233
® 213
® 197
® 173
® 168
® 1.56
® 1.30
® 075

® 511
® 499
® 442
® 388
® 364
® 314
® 3.09
® 294
® 252
® 252
® 155
® 128
® 117
® 1.14
® 1.07
® 071
® 032
® 024

® 1933
® 10.74
® 984
® 935

® 7.02

10 15 20
Relative influence

FIGURE1 | Predictor variables, ordered by relative influence (%), identified from a boosted-regression tree model developed with cross-validation
(after model simplification procedure) and used in spatial prediction of habitat suitability for the (a) Cascade torrent salamander and (b) Columbia

torrent salamander.

streamflow permanence). However, residual variances were
close to zero and, therefore, only marginally significant.

Habitat-suitability values for Columbia torrent salamanders
ranged from 0.13 to 0.99 at the stream-reach level and were sum-
marized at the HUC12 watershed level (Figure 4). The relation-
ship between median habitat-suitability values and Columbia
torrent salamander counts from field surveys exhibited a log-
linear relationship (F, ,,=36.29, p <0.001), wherein the number
ofindividuals observed increases gradually (and logarithmically)
with increasing habitat-suitability values beginning around 0.6
(Appendix S3: Figure S3a). The main difference between this
modeled relationship and that of Cascade torrent salamanders is

the greater steepness in the relationship gradient and frequency
of zeros (presumed absences) seen in the latter.

4 | Discussion

This study represents the first comprehensive, rangewide as-
sessment of torrent salamander distributions and watershed-
scale habitat associations. Using a robust process of model
development and refinement, our results support Columbia tor-
rent salamanders as being generally more widespread through-
out their range and having higher local counts than Cascade
torrent salamanders. As evidenced by our 2019 field surveys,
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Washington

Oregon

[] watershed boundary
Median habitat suitability
[ 0.305 - 0.639

0.639 - 0.75
[]0.75-0.806

[ 0.806 - 0.843
[]0.843-0.877

0 1020 km [T] 0.877 - 0.916
| [ 0.916 - 0.958

FIGURE2 | Median habitat-suitability (index scaled from 0 to 1; low-
est to highest suitability) at the HUC12 watershed level for the Cascade
torrent salamander.

Columbia torrent salamanders were found at the majority
(72%) of sites surveyed, whereas Cascade torrent salamanders
were found at only 33% of sites surveyed. Fewer observations
of Cascade torrent salamanders during our surveys could have
been due to less accurate preliminary habitat association mod-
els. However, historical datasets reflected similar patterns of
occurrence across the distribution of both species. Among his-
torical observations, Cascade torrent salamanders tend to have
fewer and more variable counts relative to Columbia torrent sal-
amanders. Collectively, our results suggest that Cascade torrent
salamanders may be more sensitive to environmental change or
disturbances owing to their more fragmented distribution and
variable counts. Our results offer important considerations for
the development of effective watershed-scale management plans
to address species conservation.

Our analyses of habitat suitability found a significant, positive
relationship between species counts and habitat-suitability
values for both species. Cascade torrent salamanders exhibit a
steeper relationship between observed counts in the field and
modeled habitat suitability. This may be due to detectability,
high habitat specialization, or population declines in suboptimal
areas, but it could also be a consequence of seasonal drought

conditions experienced in the Cascade Range during the spring
and summer of 2019. Prolonged drought may have resulted in
lower detectability, particularly in less-suitable habitats, if an-
imals were seeking refuge. Torrent salamanders are known to
migrate vertically through substrates to use subsurface mois-
ture, flows, or groundwater during dry conditions, which can
also affect detectability (Howell and Maggiulli 2011). Further
investigation into fine-scale habitat requirements and utiliza-
tion would improve our understanding of potential drivers of
population declines and range contraction, if they are occurring
as expected. Paired with the results from our habitat-suitability
model, our Cascade torrent salamander survey findings support
a strong association with—or sensitivity to—key climatological
conditions like temperature and moisture measured at macro-
ecological scales.

Seasonal and interannual stability in temperature and moisture
conditions, across both summer and winter, was a key determi-
nant of higher habitat-suitability for Cascade torrent salaman-
ders. Two components of atmospheric moisture were considered
important to characterizing habitat suitability, including vapor-
pressure deficit and water vapor pressure. Water vapor pressure
is the pressure at which atmospheric water vapor is in thermo-
dynamic equilibrium with its condensed state. As water vapor
pressure increases (approaching dew point), gaseous water con-
denses to liquid, whereas at lower pressures it evaporates or sub-
limates. Cascade torrent salamander occupancy was positively
associated with habitats retaining higher seasonal water vapor
pressure (i.e., humidity) in both summer and winter.

Vapor-pressure deficit (VPD) represents the holding capacity
for more water vapor in the air and has a linear relationship to
the rate of evapotranspiration and other measures of evapora-
tion. VPD is expected to rise globally due to the combination of
increased temperature and, depending on the region, decreased
relative humidity (Yuan et al. 2019). High VPD results in in-
creased rates of water loss from moist soils, causing drying and
heating of the terrestrial surfaces and contributing to drought
events and plant water stress (Dai 2013). The significant rela-
tionship between VPD and Cascade torrent habitat suitability
was based on variability in maximum VPD, rather than mean
conditions, and showed a greater association with less extreme
VPD values. Disentangling VPD effects from other climatic
forces can be quite challenging (Grossiord et al. 2020), as ex-
emplified by numerous interactions between VPD and other
temperature and moisture metrics (Appendix S3: Table S1).
For instance, high VPD conditions usually occur concurrently
with drought and heat waves (Grossiord et al. 2020). Inclusion
of moisture metrics like VPD in habitat-suitability model-
ing offers a new and noteworthy approach to characterizing
species-climate relationships, particularly for desiccation-
intolerant species like torrent salamanders and other riparian-
associated species. Emerging research in ungulates (Harris
et al. 2015), small mammals (Johnston et al. 2019, 2021), and
other salamanders (Riddell et al. 2017) reveals the importance
of considering moisture—and specifically VPD—when char-
acterizing climatic influences on species distributions. In
some instances, moisture retention can buffer species from
the effects of temperature extremes (McArthur 1991; Davis
et al. 2019) during periods of snow drought or heat waves, at
least for a short period.
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Little Nisqually River

Habitat suitability
0.062841

0.993156

FIGURE 3 | Example of habitat suitability (index scaled from 0 to 1; lowest to highest suitability) at 30-m resolution for stream reaches in the

Little Nisqually watershed of Washington.

We aimed to further capture climatic extremes and variability
in our variable suite through derivation of a heat-stress vari-
able. Heat stress was measured as the mean number of days that
maximum temperature was equal to or exceeded 27.9°C (ap-
proximate CT_, of Rhyacotriton spp.) during the peak summer
season. Although heat stress was not a top predictor of either
species’ habitat suitability, variation in heat stress was included
in the final fitted models. For Cascade torrent salamanders, this
relationship was further supported by the greater influence of
summer temperature range in the fitted model, reflecting an
association with narrower temperature ranges and temperature
stability during the summer (i.e., year-to-year consistency in
temperatures within a narrower range of variability). The sig-
nificance of various moisture and temperature variability met-
rics likely reflects the delicate balance of evaporative cooling,
condensation (humidity), and precipitation that is historically a
predominant feature of the Cascades region.

Habitat suitability for Columbia torrent salamanders was largely
reflective of the topographic features (e.g., slope) of headwater
streams and their influence on water balance in the system.
Streamflow conditions were a stronger determinant of habitat
suitability for Columbia torrent salamanders than for Cascade
torrent salamanders, with both base flow and streamflow per-
manence identified as highly influential variables. Probability

of occurrence was greater with lower base flows but low to
moderate variation in streamflow permanence, demonstrat-
ing their association with seasonally intermittent headwater
streams. Lower August stream temperatures were also a mod-
erately important feature of Columbia torrent salamander hab-
itat. Headwater stream temperatures were extrapolated from
the NorWeST model (Isaak et al. 2017), which does not include
data for most headwater stream reaches. Leach et al. (2017) il-
lustrated how headwater stream temperatures were much more
variable within and across seasons than higher-order streams
(as modeled in NorWeST), even though average temperatures
may be congruent. Leach et al. (2017) hypothesized that diver-
gence in headwater vs. higher-order stream temperatures was
likely due to the model's dependence on geomorphological fac-
tors that influenced surface-water energy exchange, rather than
thermal influences of groundwater interactions. Given the mar-
ginal importance of lower August stream temperatures (extrap-
olated from NorWeST) to Columbia torrent salamander habitat,
the model may better approximate headwater stream conditions
within a lower range of temperatures and, thus, exhibit greater
decoupling at higher temperatures.

Riparian forest characteristics showed higher importance as
features of landscape-scale (macroecological) habitat suitabil-
ity for Columbia torrent salamanders than for Cascade torrent
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Oregon

[ ] watershed boundary -
Median habitat suitability
B 0.437 - 0.703

[ 0.703 - 0.761
[]0.761 - 0.795
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|
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FIGURE 4 | Median habitat suitability (index scaled from 0 to 1; lowest to highest suitability) at the HUC12 watershed level for the Columbia

torrent salamander.

salamanders. Percent canopy cover of live trees and volume of
trees per hectare were top predictors. We hypothesize that the
relatively low influence of these predictors is not indicative of
a lack of ecological relevance; instead, finer-scale processes
like disturbance, management of riparian forest structure,
and groundwater interactions (and their effects on microcli-
mates) are not adequately captured in the types of spatial data-
sets available for this analysis (e.g., Rykken et al. 2007). We

suggest broad-scale habitat-suitability information, such as
that provided in this study, be paired with assessments of finer-
scale habitat associations (e.g., substrate types, riparian buffer
widths, forest stand conditions, microclimates) to inform multi-
scale conservation prioritization. Finer-scale assessments will
continue to be important for species like torrent salamanders
that move locally between aquatic, semi-aquatic, and terrestrial
(riparian) habitats throughout the year.
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Ourresults elevate the threat that climate change may pose to tor-
rent salamanders and their habitats in the Pacific Northwest. Air
temperatures have increased across the region, with an average
warming of almost 2°F since 1900 (Chang et al. 2023). Warming
is predicted to continue to occur during all seasons, with annual
average temperatures projected to increase by 4.7°F-10.0°F by
the 2080s (representing the range of the low to high emissions
scenarios: SSP1-2.6 and SSP5-8.5). Future changes in headwater
stream temperatures are less certain, with estimates of in-stream
warming of 0.73°C-1.42°C by mid-century (Isaak et al. 2017)
that are expected to be highly sensitive to changes in ambient
conditions (Leach and Moore 2019). The response of historically
cold streams to climate warming will depend on myriad factors,
such as snowpack, groundwater exchange, antecedent condi-
tions, and thermal memory (Leach and Moore 2019), as well as
secondary influences such as disturbance, riparian vegetation
structure, forest-harvest practices, and other human influences
(Arismendi et al. 2012). Interannual variability in precipitation
is projected to persist, and observed lower streamflow in sum-
mer is expected to decrease even further due to reduced snow
storage, increased evapotranspiration, and longer lags between
summer precipitation events (Dalton and Fleishman 2021).
Warming air temperatures and altered precipitation will affect
several hydrological processes, including the amount, timing,
and type of precipitation (Luce et al. 2012, 2013). Hydrological
responses to climate change, such as changes in streamflow
(Hidalgo et al. 2009; Olson and Burton 2019) and stream tem-
peratures (Isaak et al. 2012; Luce et al. 2014), will depend upon
the dominant form of precipitation in a particular watershed
along with forest cover and groundwater characteristics. In
general, earlier and lower spring peak flow, higher winter flow,
and lower late-summer flow (Raymondi et al. 2013), along with
more frequent extreme hydrological events (Tohver et al. 2014)
are expected.

Stream-associated species like torrent salamanders will be
challenged to either persist-in-place or shift-in-space (sensu
Thurman et al. 2020) under these changing conditions. Given
the overlap among climate change factors and habitat-suitability
characteristics for torrent salamanders, identification of climate
change refugia (Michalak et al. 2020; Morelli et al. 2020) to sup-
port conservation prioritization is a practical next step. In turn,
identification of optimal habitat conditions in connectivity corri-
dors among headwater refugia may promote overland dispersal
of terrestrial adults (Olson and Burnett 2009, 2013; Olson and
Kluber 2014). In particular, identification of optimum ecohy-
drological refugia (i.e., aquatic or mesic environments that are
relatively buffered from climate change; McLaughlin et al. 2017)
will be critical for protecting these vulnerable species from
drought and warming. Areas with a higher probability of main-
taining surface or groundwater in drought years (Cartwright
et al. 2020), or areas slightly or temporarily decoupled from tem-
perature changes in the surrounding landscape (e.g., mainte-
nance of cool, moist “stream effect”; Olson et al. 2007) can act as
oases that facilitate species’ adaptive capacity and reduce extinc-
tion risks. Refugia identification at macro- and micro- habitat
scales may be particularly important for Cascade torrent sala-
manders owing to the concentration of suitable habitat in the
north-central portion of their range surrounding the Columbia
River (Figure 2) and their low dispersal capacity. Torrent sala-
manders have limited capacity for long-distance dispersal that

is likely further constrained by fragmentation of suitable habi-
tat resulting from interacting disturbances like climate change,
forest management, and roads, which can affect population ge-
netic structure and gene flow (Emel et al. 2019). Although areas
of higher habitat suitability appear more contiguous across the
range of Columbia torrent salamanders, the species is exposed
to widespread land management and timber-harvest practices.
Hence, simultaneously with refugia identification, the main-
tenance or restoration of connectivity areas among headwater
streams and over ridgelines (Olson and Burnett 2013) may pro-
vide the dual benefit of facilitating persistence (or adaptation)
in situ as well as access to nearby suitable habitat to support cli-
mate tracking across neighboring drainages.

5 | Conclusions

Headwater streams are integral components of forest ecosys-
tems in the Pacific Northwest not only because they contribute
to water supply and storage, buffer against extreme flooding
events, and maintain sediment transport, but also because
they are critical pinch points in the ecological connectivity
both to downstream channels and upland forests. Many head-
water stream-associated species are in peril, including torrent
salamanders, whose strong association with cool, moist mi-
croclimates and seasonally discontinuous streams will likely
leave them vulnerable to climate change because of drought
and habitat loss. Here, we used modern habitat-modeling ap-
proaches and metrics to demonstrate the different ecologies
of sister species. Our results indicate that Cascade torrent sal-
amanders may be of heightened conservation concern due to
their narrow environmental tolerances. Climate-smart con-
servation planning will be critical to minimize negative ef-
fects of watershed-scale climatic changes on these vulnerable
species’ unique headwater ecosystems, including changes to
atmospheric conditions as well as ground-level disturbances
affecting overstory conditions and consequently riparian
microclimates.
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Additional supporting information can be found online in the
Supporting Information section. Appendix S1: Preliminary habi-
tat association models. Table S1: Environmental variables and their
units of measurement, resolution, geographic coordinate systems (and
projections, if applicable), and data sources. Figure S1: Results from
ecological-niche factor analysis for the Columbia torrent and Cascade

torrent salamanders, indicating a gradation in the degree of association
between species’ occurrences and modeled habitat conditions. Sampling
sites are indicated by black points. Appendix S2: Observational data
and predictor variable suite. Figure S1: Locations of 2019 survey sites
and watersheds included in mapping habitat suitability for Columbia
torrent salamanders (distribution on left of map) and Cascade torrent
salamanders (distribution on right of map). Table S1: Predictor vari-
ables, units, resolution, geographic coordinate systems (and projec-
tions), and data sources. Appendix S3: Model performance and results.
Figure S1: Partial dependence plots for the top eight most influential
variables showing the marginal effect of each variable on predicted
occurrence of Cascade torrent salamanders. Figure S2: Partial de-
pendence plots for the top eight most influential variables showing the
marginal effect of each variable on predicted occurrence of Columbia
torrent salamanders. Figure S3: Habitat-suitability thresholds identi-
fied by relationships between counts of individuals taken from surveys
in 2019 and median habitat-suitability scores (extracted from within
100m of each sampling site) for the (a) Cascade torrent salamander
and (b) Columbia torrent salamander. Table S1: Relative strengths of
pairwise interactions calculated as residual variances from boosted-
regression tree models.
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