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ARTICLE

Climate change and vulnerability of bull trout (Salvelinus
confluentus) in a fire-prone landscape
Jeffrey A. Falke, Rebecca L. Flitcroft, Jason B. Dunham, Kristina M. McNyset, Paul F. Hessburg,
and Gordon H. Reeves

Abstract: Linked atmospheric and wildfire changes will complicate future management of native coldwater fishes in fire-prone
landscapes, and new approaches to management that incorporate uncertainty are needed to address this challenge. We used a
Bayesian network (BN) approach to evaluate population vulnerability of bull trout (Salvelinus confluentus) in the Wenatchee River
basin, Washington, USA, under current and future climate and fire scenarios. The BN was based on modeled estimates of
wildfire, water temperature, and physical habitat prior to, and following, simulated fires throughout the basin. We found that
bull trout population vulnerability depended on the extent to which climate effects can be at least partially offset by managing
factors such as habitat connectivity and fire size. Moreover, our analysis showed that local management can significantly reduce
the vulnerability of bull trout to climate change given appropriate management actions. Tools such as our BN that explicitly
integrate the linked nature of climate and wildfire, and incorporate uncertainty in both input data and vulnerability estimates,
will be vital in effective future management to conserve native coldwater fishes.

Résumé : Les interactions entre les changements atmosphériques et les feux de forêt compliqueront la gestion future des
poissons d’eau froide indigènes dans les paysages à risque élevé d’incendie, et de nouvelles approches de gestion qui intègrent
l’incertitude sont nécessaires pour relever le défi que cela posera. Nous avons utilisé une approche de réseaux bayésiens (RB) pour
évaluer la vulnérabilité de la population d’ombles à tête plate (Salvelinus confluentus) dans le bassin versant de la rivière Wenatchee
(État de Washington, États-Unis), étant donné différents scénarios climatiques et d’incendie présents et futurs. Le RB reposait sur
des estimations modélisées des feux de forêt, de la température de l’eau et de l’habitat physique avant et après des incendies
simulés à la grandeur du bassin versant. Nous avons constaté que la vulnérabilité de la population d’ombles à tête plate
dépendait de la mesure dans laquelle les effets du climat peuvent être au moins partiellement compensés par la gestion de
facteurs comme la connectivité de l’habitat et la taille des feux. En outre, notre analyse montre qu’une gestion locale compre-
nant des mesures de gestion adéquates peut réduire de manière significative la vulnérabilité de l’omble à tête plate aux
changements climatiques. Des outils comme l’approche basée sur les RB qui intègre explicitement le lien entre le climat et les
feux de forêt et qui incorpore l’incertitude des données entrantes et des estimations de la vulnérabilité seront des éléments clés
d’une gestion efficace visant la conservation des poissons d’eau froide indigènes. [Traduit par la Rédaction]

Introduction
In the Pacific Northwest United States, air temperature has

increased by >1 °C since 1920. By 2080, temperature will likely
increase another 2 °C, snowpack will continue to decline, and
drought frequency will increase (Climate Impacts Group 2009).
Likewise, the prospect of a warmer–drier climate in this region
portends increased frequency, severity, and size of wildfires
(McKenzie et al. 2004; Westerling et al. 2006; Liu et al. 2013). These
linked atmospheric and wildfire changes will influence terrestrial
and freshwater ecosystems. In streams, climate changes are
decreasing flows (Stewart et al. 2005; Luce and Holden 2009;
Arismendi et al. 2013) and in some cases increasing stream tem-
peratures (Arismendi et al. 2012; Isaak et al. 2012). Large and severe
wildfires also characteristically lead to increased stream temper-
atures (Dunham et al. 2007; Isaak et al. 2010; Mahlum et al. 2011),
which may extirpate coldwater fish populations, particularly

where habitats are fragmented or degraded by other factors (e.g.,
land use; Brown et al. 2001; Dunham et al. 2003b; Rieman et al.
2003). Given the strong relations between wildfires and climatic
warming, and their joint impacts on freshwaters, it is critical to
consider both when managing vulnerable fish species, including
salmonids (salmon and trout; Bisson et al. 2003; Rieman and Isaak
2010).

Among salmonids in the Pacific Northwest, the bull trout
(Salvelinus confluentus) has some of the coldest water requirements
(Selong et al. 2001; Dunham et al. 2003a), with the possible excep-
tion of the closely related Dolly Varden (Salvelinus malma; Dunham
et al. 2008), and is dependent on the presence of large, intercon-
nected habitat patches year-round (Dunham and Rieman 1999). At
present, the bull trout is listed as a threatened species under the
US Endangered Species Act (ESA; US Fish and Wildlife Service
2008). Furthermore, knowledge of climate change and wildfire
threats to bull trout is incomplete, and there is great uncertainty
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surrounding management of future threats (Rieman and Isaak
2010; Peterson et al. 2013; Wenger et al. 2013). Some uncertainty
stems from a lack of tools for incorporating knowledge about
threats to concrete applications at local scales where manage-
ment decisions are made. Our objective here was to address this
need for bull trout in fire-prone watersheds and develop an ap-
proach that could be adapted to other species with similar habitat
requirements or to multiple species with different biological re-
quirements within a common domain (e.g., Rieman et al. 2000).

To better understand the effects of wildfires on coldwater fish,
plausible scenarios must be considered that incorporate terres-
trial (e.g., vegetation treatments) and aquatic (e.g., fish passage)
ecosystem management actions (Dunham et al. 2003b) alongside
natural physical and biological processes that influence aquatic
(e.g., stream hydrology and heating; Miller et al. 2003; Wondzell
and King 2003) and terrestrial ecosystems (e.g., successional patch
dynamics and resilient patch size distributions; Moritz et al. 2011;
Perry et al. 2011) in the context of climatic warming (Bisson et al.
2003; Rieman et al. 2010). One useful approach to evaluating these
scenarios in the face of incomplete information involves the ap-
plication of Bayesian network (BN) analysis (Pearl 2000; Jensen
2001). Properties of BN analysis that are relevant to considering
wildfire and climate effects on fish include the ability to (i) inte-
grate both qualitative and quantitative information from dispa-
rate sources, (ii) predict relative differences in expected outcomes
from multiple scenarios, (iii) incorporate and track uncertainty,
and (iv) modify the network to account for new knowledge and
data. BNs have been successfully used as a tool for biological con-
servation in numerous cases (Marcot et al. 2006, etc.), and sal-
monid conservation in particular (Rieman et al. 2001; Borsuk et al.
2006; Peterson et al. 2008; Roberts et al. 2013).

We used BN analysis here to evaluate the threat to bull trout
posed by wildfire influences on habitat suitability and fragmenta-
tion (sensu Dunham et al. 2003b). Initial conditions in our study
watershed were determined by modeled patterns of stream tem-
perature, which were then used to delineate continuously suit-
able bull trout habitat patches (Dunham et al. 2002; Isaak et al.
2010). Impacts of simulated wildfires, modeled stream tempera-
tures, and the local climate on bull trout habitat variables (stream
size, temperature, and winter stream discharge; Wenger et al.
2011a) were jointly considered using a BN (see also Peterson et al.
2013) to predict population vulnerability across a set of scenarios.
Modeled scenarios included a range of climatic futures and a spec-
trum of actions to manage surface and canopy fuels and improve
fish passage.

Materials and methods

Study area
Our study area was the Wenatchee River basin in Washington,

USA (Table 1; Fig. 1). The Wenatchee River and its tributaries orig-
inate east of the Cascade Mountain crest and drain approximately
3451 km2 of the North Cascades ecoregion (Wiken et al. 2011).
Contemporary climate in the basin is continental, characterized
by warm, dry summers, variably cold winters and snow accumu-
lations, and peak stream flows associated with snowmelt in May–
June (Climate Impacts Group 2009). Vegetation is characterized by
dry grasslands and shrublands below the lower treeline, dry and
mesic mixed conifer forests in low and mid-montane settings —
composed mainly of ponderosa pine (Pinus ponderosa), western
larch (Larix occidentalis), grand fir (Abies grandis), and Douglas-fir
(Pseudotsuga sp.) — and subalpine forests in upper montane envi-
ronments. Fire suppression, timber harvest, overgrazing (Bisson
et al. 2003; Hessburg and Agee 2003; Hessburg et al. 2005, 2007),
and climate change during the last century have altered the fire
regime in the region (McKenzie et al. 2004; Littell et al. 2009, 2010;
Westerling et al. 2006). These influences have led to large accumu-
lations of dead wood, development of dense forests, and ongoing

insect outbreaks and disease epidemics that have combined with
the cumulative effects of drought to exacerbate the severity and
magnitude of wildfires (Hessburg et al. 1999, 2000; McKenzie et al.
2004; Littell et al. 2009, 2010).

Historically, wildfires were common to eastern Cascade Moun-
tain forests, with mean fire-free intervals of less than 10 years (e.g.,
Everett et al. 2000). Following the advent of effective wildfire sup-
pression (1934–1935) and related forest management activities in
the early 20th century, this interval increased dramatically (e.g.,
15–60 years in forests studied by Everett et al. 2000). However,
wildfire activity continues, with recent fires in the Icicle Creek
drainage in 1994, 2001, and 2004 (McElroy et al. 2005). The median
total area burned in the Okanogan–Wenatchee National Forest
(OWNF) during the period 1984–2010 was 1097 ha, but varied by an
order of magnitude among years (n = 196; range 53 – 50 025 ha;
Monitoring Trends in Burn Severity (MTBS) database; http://www.
mtbs.gov; Fig. 2).

Over the past several decades, federal land management in the
Wenatchee River basin has employed surface and canopy fuels
treatments (Townsley et al. 2004) to reduce the risk of wildfires
(e.g., precommercial, low, and free-thinning), and prescribed
underburns to reduce seedling and sapling recruitment as well as
reduce fuel ladders and surface fuels (Graham et al. 1999, 2004).
Although the treated area has increased threefold during the pe-
riod 1990–2003, treated area outside of wilderness is small (�1% of
forest area) relative to historical annual burned area (�2%–5%,
Barrett et al. 1997). While these efforts have reduced wildfire threat
locally, the likelihood of large future wildfires is great (Gedalof
and Smith 2001; Hessl et al. 2004; McKenzie et al. 2004).

Model of bull trout vulnerability
We employed a BN modeling approach to assess the vulnerability

of bull trout to changes in local habitat suitability, wildfires, and
fragmentation (e.g., Dunham et al. 2003b). Interactions among these
factors were driven by climate, stream hydrography, landform, and
spatial patterns of thermal variation and were modeled to evaluate
their collective influence on bull trout population vulnerability. To
implement the BN, we used Netica version 4.6 software (Norsys Soft-
ware Corp., Vancouver, British Columbia), which allowed us to esti-
mate error propagation and uncertainty of vulnerability predictions.
We applied the resulting model to evaluate bull trout vulnerability
to wildfires in the Wenatchee River basin under six scenarios that
considered three climatic futures and two climate-adaptation man-
agement strategies.

Model setting
The BN modeling environment consisted of four combined

elements: the stream network, patterns of temperature within
the network, corresponding patterns of suitable habitat based on
physical characteristics, and probable patterns of fire severity
(Fig. 3). We describe each in turn below.

Table 1. Summary statistics and count of bull trout habitat patches
within seven subwatersheds in the Wenatchee River basin, Washing-
ton, USA.

Subwatershed
Watershed
area (ha)

Stream
length (km)

No. of
patches

Chiwawa River 48 608 352.6 1
Chiwaukum Creek 21 956 154.0 1
Icicle Creek 55 439 373.6 2
Little Wenatchee River 40 671 249.9 1
Nason Creek 27 991 188.5 1
Peshastin Creek 34 845 262.7 4
White River 26 225 194.0 1
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Fig. 1. (a) Study area in the Wenatchee River basin located in (b) central Washington, USA. The locations of major tributaries in eight sub-
basins are shown in panel (c).
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Stream network
We used the functional linkage of water basins and streams

(FLoWS) version 9.3 toolbox (Theobald et al. 2006) for ArcGIS 9.3.1
(ESRI 2009) to create a digital representation of the hydrologic
network, based on the 1 : 100 000 scale hydrography layer ob-
tained from National Hydrography Dataset (http://nhd.usgs.gov),
and clipped in a geographical information system (GIS) to the
domain of the Wenatchee River basin. From these, we generated
topological relations among all stream reaches in the GIS, where
a reach was defined as the stream length between confluences.
We used FLoWS to identify the unique land surface area draining
into each reach (reach contributing area; RCA) using the digital
hydrography layer and a 10 m digital elevation model (DEM;
National Elevation Dataset; http://ned.usgs.gov). The one-to-one
relation between reaches and RCAs allowed us to link relevant
portions of the terrestrial landscape to stream reaches, and to
calculate scaled drainage areas. Using the topological relation-
ships generated by FLoWS and customized scripts implemented
in C++, we measured in-stream distances (km) among reaches,
along with other metrics (see Vulnerability analysis section).

We evaluated bull trout habitat relations at patch and reach
scales (Fig. 4; see Habitat patch delineation section); individual
reaches (mean (± standard deviation, SD) length = 1.9 ± 1.3 km) and
their associated RCAs were nested within patches. Variables used
in BN analyses were summarized to reaches or systematically es-
timated every 200 or 1000 m, depending on the spatial resolution
of the available data. We report model results at reach and patch
scales.

Habitat patch delineation
For coldwater specialists like bull trout, the spatial distribution

of suitable habitats is typically fragmented into discrete patches
within the stream network (Rieman and McIntyre 1995; Dunham
and Rieman 1999). Using results of a stream temperature model
(see Stream temperature section), we defined cold-water patches
suitable to bull trout as continuous stream reaches with maxi-
mum summer temperatures ≤17 °C (Fig. 4). This threshold is
consistent with observations of increasing bull trout presence
(Dunham et al. 2003a) and is below the maximum temperature for

indefinite growth and survival given sufficient food (Selong et al.
2001).

Wildfire likelihood and severity
Spatially explicit estimates of wildfire burn severity were gen-

erated using a modified version of FlamMap version 5 (Finney
2002, 2003, 2005, 2006), a fire growth model that simulates wild-
fire behavior (http://www.firelab.org/project/flammap). FlamMap
uses spatial information on topography and fuels to calculate fire
behavior characteristics for a single set of environmental condi-
tions (i.e., constant wind, weather, and fuel moisture). We relaxed
the constant weather assumptions in our simulations and instead
predicted flame lengths (FL) and fireline intensities (FLI) using five
equi-probable wind directions (210°, 240°, 270°, 300°, and 330°
true) that are typical in the basin under average fire season burn
conditions. We used WindNinja (Forthofer 2007) to simulate wind
flow routing assuming these five wind directions, and used the
resulting wind grids to initialize FlamMap. Wind speed was set to
24 km·h–1 at 6.1 m of vertical height. A total of 100 000 wildfire
ignitions were simulated, and the resulting maps were used to
estimate probable FL and FLI across all wildfires. The most proba-
ble FL and FLI classes across all simulated fires were translated
into probable wildfire severity classes (low, moderate, and high),
and these values were mapped at 30 m2 resolution. Surface fuels
used in the FlamMap simulations were mapped by OWNF person-
nel and are available upon request. Canopy fuels used to initialize
the FlamMap simulations were derived from LANDFIRE data lay-
ers (http://www.landfire.gov). Vegetation types (i.e., forest species
composition and structure characteristics) were based on geospa-
tial data developed by the Landscape Ecology Management and
Mapping (LEMMA) group (http://www.fsl.orst.edu/lemma/splash.
php).

Stream temperature
We used a spatially and temporally continuous stream water

temperature model to predict mean annual maximum tempera-
ture (TMAX; °C), pre- and post-wildfire, every 1000 m along the
stream network. Continuous temperature estimates were gener-
ated over 2001–2010 using in situ stream temperature data and

Fig. 2. Histogram of wildfire sizes (ha) for the Wenatchee–Okanogan National Forest. Data represent fires occurring during the period 1984–
2012 (http://www.mtbs.gov).
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remotely sensed land surface temperature (LST) from NASA’s
Moderate Resolution Imaging Spectroradiometer (MODIS; NASA
2013). The temporal grain or resolution of our analysis (estimated
maximum temperatures) was 8 days (as opposed to the conven-
tional 7-day week), based on the resolution of MODIS observa-
tions. In the model, the estimated maximum temperature, based
on an 8-day window of observation, was defined as TMAX. In
streams such as the ones that we studied (relatively cool with
lower diurnal fluctuations), daily and weekly maximum temper-
atures are strongly correlated (Dunham et al. 2005). Fifty sets of
stream temperature data were acquired from the OWNF and the
National Oceanic and Atmospheric Administration (NOAA). We
used regression analysis to relate LST to water temperature, fol-
lowing the methods of Falke et al. (2013) and K.M. McNyset (un-
published data), and calculated annual and decadal temperature
summaries.

Severity data from seven OWNF wildfires occurring from 2000
to 2008 were acquired from the MTBS database and used to quan-
tify the observable changes in LST postfire for each fire severity
class (unburned, low, moderate, and high). An annual model of
the expected change in postfire LST for each fire severity class
was developed using a multivariate adaptive regression splines
(MARS) hinge function in the mda package in R software (R Devel-
opment Core Team 2010). Postfire LST estimates were used to

generate stream temperature estimates every 1000 m throughout
the stream network (K.M. McNyset, unpublished data).

Vulnerability of bull trout
We modeled bull trout vulnerability as a function of habitat

suitability, wildfire effects, habitat connectivity, and patch size
(e.g., Dunham et al. 2003a; Peterson et al. 2013). Combinations of
these factors varied in the BN model (Fig. 3), which we describe
below.

Habitat suitability
We developed a habitat suitability index (HSI) to characterize

the quality of spawning and rearing habitats potentially used by
bull trout. Variables used in the HSI (i) were reported in the peer-
reviewed literature and included uncertainty estimates for each
parameter (e.g., SE); (ii) are basic components of habitat that are
important controls on bull trout distribution across the species’
range (e.g., to facilitate transfer to other basins); (iii) can be esti-
mated and mapped continuously across broad regions; and
(iv) were based on observations from studied river systems similar
to the Wenatchee River basin. Using these four criteria, we iden-
tified stream temperature, size, gradient, and scour likelihood
(detailed below) as four predictors upon which to base the HSI.

Fig. 3. Conceptual diagram depicting environmental processes hypothesized to affect bull trout population persistence in fire-prone
landscapes. Shaded ovals represent input variables in the belief network (BN). Variables within the dashed box represent those contributing
to a bull trout habitat suitability index (HSI), whereas those outside the box represented factors contributing to bull trout population
vulnerability. See Table 2 for definitions of nodes and states within nodes.
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Values of each predictor were calculated every 200 m throughout
the stream network (n = 12 409) and used as input data to the BN.

Bull trout occurrence probability (�) was predicted as a function
of the four predictors that were primary nodes in our BN. The four
probabilities, initially predicted as four continuous variables,
were each reclassified into categorical variables exhibiting low
(0–0.32), moderate (0.33–0.66), or high (>0.66) values (Table 2).
Conditional probabilities defining relations among nodes were
estimated from empirically derived logistic functions that incor-
porated errors associated with intercept (�0) and slope (�1) esti-
mates of covariate (x), and whose general formula was

(1) P(�|x, �0, �1) �
1

1 � e�(�0��1x)

Equations and conditional probability tables (CPTs) can be found
in the online Supplementary data1. We verified that parameter esti-
mates and errors were normally distributed, X � N��, �2�, for all
occurrence–habitat relations in the HSI. Equations for each of the
four HSI variables were taken from previously published logistic
regressions (stream size, winter stream flow, and stream gradient:
Wenger et al. 2011a; stream temperature: Dunham et al. 2003a).

Thus, predicted � probabilities were derived for every 200 m
along the stream network for each predictor, continuous values of
each were reclassified, and the four component conditions were
used to assign a composite HSI categorical value of low, moderate,
or high. Composite values reflected weighted combinations of the
four predictors. For example, if the four component predictor
values were all classified as “high”, the composite HSI state = high.

1Supplementary data are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjfas-2014-0098.

Fig. 4. Coldwater patches (a; gray shading) and an illustration of scales of analysis used in this study for one patch (b; hatched polygon).
Reaches were defined as the length of stream from one confluence to the next (blue lines), and polygons are reach contributing areas (RCA’s).
Points are where estimates of covariates were made every 200 m (filled) and 1 km (open). Fire severity (red, high; yellow, moderate; green, low)
is also shown for an example drainage. For the coloured version of this figure, refer to the Web site at http://www.nrcresearchpress.com/doi/
full/10.1139/cjfas-2014-0098.
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Conversely, if all four were “low”, HSI = low. For intermediate
cases, we weighted the influence of the predictors according to
their mean effect size (Table S11). For example, stream gradient (%)
is consistently associated with bull trout occurrence, but effect
size is small relative to other factors (Dunham and Rieman 1999;
Dunham et al. 2003a; Wenger et al. 2011a). Mean effect size for the
four predictors was interpreted from the published literature on
bull trout – habitat relations (Dunham and Rieman 1999; Dunham
et al. 2003a; Rich et al. 2003; Wenger et al. 2011a). The CPT for the
HSI was based on these weights (Table S21).

Local effects of wildfires
We evaluated the potential effects of wildfires on habitat suit-

ability as a function of the probability of wildfire occurrence
within each RCA, using the same fire model as above, and an
estimate of the postwildfire habitat change from the HSI model
(hereafter 	HSI). The probability and uncertainty of a wildfire
being adjacent to any reach (FLEST) was estimated as the mean
(�flike

) and standard deviation (�flike

2 ) of probable flame lengths from all
simulated wildfires occurring in cells within each RCA polygon, re-
spectively. Continuous values of FLEST were reclassified to the cate-
gorical values of low (0–0.25), moderate (0.26–0.50), and high (>0.50)
(Table 1) using the formula

(2) P�FLEST
�flike
, �flike

2 � � N�x, �flike
, �flike

2 �

The potential effect of wildfire on local bull trout habitats was
assessed as postfire habitat change (	HSI), based on the relations
between wildfire and changes in LST, and the predictive relation-
ship between LST and stream temperature, as described above.
Gradient, stream size, and winter stream flows were assumed to
be independent of wildfire. The 	HSI from pre- to post-fire condi-
tions was calculated every 200 m along a reach as the proportion
(HSIpre – HSIpost)/HSIpre. This value was then averaged across each
reach (�	HSI), and the SD of that mean was calculated (�	HSI

2 ). In the
model, 	HSI (range: 0–1) was estimated for each reach as

(3) P�	HSI
�	HSI, �	HSI
2 � � N�x, �	HSI, �	HSI

2 �

Continuous values of 	HSI were reclassified to categorical val-
ues of low (0.00–0.05), moderate (0.06–0.15), and high (>0.15).

With information on the probability of a wildfire and the po-
tential 	HSI, we were able to modify the prefire HSI (coded as
PREFIRE in the BN) to predict local effects of wildfire. We added a

Table 2. Node definitions and states for Bayesian belief networks to assess bull trout habitat and population vulnerability to wildfire in the
Wenatchee River basin, Washington, USA.

Belief network Node name Definition State

Habitat suitability Gradient Likelihood of bull trout occurrence in a stream reach
as a function of percent gradient (GRAD)

Low (0–0.32); moderate (0.33–0.66);
high (>0.66)

Winter high-flow events
(Scour likelihood)

Likelihood of bull trout occurrence as a function of
mean. number of days in winter (Dec.–Mar.) that
flow was in top 5% of annual flows (W95)

Low (0–0.32); moderate (0.33–0.66);
high (>0.66)

Maximum temperature
(Water temperature)

Likelihood of bull trout occurrence as a function of
maximum annual water temperature (TMAX)

Low (0–0.32); moderate (0.33–0.66);
high (>0.66)

Summer flow (Stream size) Likelihood of bull trout occurrence as a function of
mean summer (June–Sept.) stream flow (SFLOW)

Low (0–0.32); moderate (0.33–0.66);
high (>0.66)

Habitat suitability Potential spawning and rearing habitat quality for
bull trout based on reach gradient, winter high-flow
events, maximum temperature, and
summer flow (HSI)

Low, moderate, high

Vulnerability Number of road crossings
(Downstream road
crossings)

Number of road crossings between focal reach and
nearest downstream patch (ROADX)

None (0); few (1–5); some (5–14);
many (≥15)

Distance to nearest patch
(Patch distance)

Distance from focal reach to nearest downstream
patch (PATCHDIST)

Adjacent (<1 km); near (1–5 km);
moderate (5–10 km); far (>10 km)

Intervening passage Combination of number of downstream road crossings
and distance to nearest patch (INTERV)

Low, moderate, high

Above barrier Focal reach is upstream from an impassible
barrier (ABVBAR)

Yes, no

Recolonization potential Potential for recolonization of focal reach from
nearest patch based on intervening passage and
above barrier (RECOL)

Low, moderate, high

Postfire habitat size
(Patch size)

Total stream length within focal patch with
high HSI (>2.0; PATCHSIZE)

Small (0–7 km); medium (8–40 km);
large (>40 km)

Fire likelihood Mean probability of a fire ignition within a
focal reach contributing area (FIRELIK)

Low (0–0.25); moderate (0.26–0.50);
high (>0.50)

Postfire HSI change Percent change in habitat suitability pre- to
post-fire (	HSI)

Slight (0%–5%); moderate (5%–15%);
high (>15%)

Prefire habitat suitability Percentage of reach with high HSI (>2.0; PREFIRE) None (0%); low (1%–25%); moderate
(26%–75%); high (>75%)

Local habitat fire impact Potential for fire effects for a focal reach based
on fire likelihood, postfire habitat change, and
prefire habitat suitability (LOCAL)

Low, moderate, high

Vulnerability Vulnerability of a focal reach to wildfire based on
external recolonization potential, internal resistance,
and local fire effects (VULN)

Low, moderate, high

Note: Node names in parentheses are provided to coincide with factors displayed in Fig. 3.
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node to remove the potential occurrence of the nonsensical case
of a reach with low prefire HSI being ranked as highly vulnerable,
owing to a relatively large 	HSI. To do so, we calculated the pro-
portion of 200 m points within a given reach predicted to be in the
high HSI state, where PREFIRE states were as follows: none = 0.00,
low = 0.01–0.25, moderate = 0.26–0.75, or high > 0.75 (Table 2). The
“local effects of fire” node (LOCAL) CPT (Table S31) was parameter-
ized so that reaches with low potential wildfire effects had a low
likelihood of fire, and little expected change from pre- to post-fire
conditions (i.e., fire severity was low), and there was little or no
high-quality habitat present under prefire conditions.

Connectivity
Vulnerability of bull trout populations to wildfires is partially

conditioned by habitat connectivity and resistance to fish move-
ment (Rieman et al. 1997; Dunham et al. 2003b). In our BN, we
evaluated connectivity between habitat patches as the potential
for any reach to be recolonized by fish (RECOL) from another
patch. Connectivity was highest where impassible barriers were
absent, where no road crossings were present along the shortest
interpatch route, and where the distance (km) to the nearest
patch was short.

To directly characterize barriers, we relied on a State of Washington
spatial database (StreamNet 2012; http://www.streamnet.org/
mapping_apps.cfm; Fig. 1) of man-made dam, culvert, waterfall,
and gradient barrier (e.g., cascades) locations. Reaches upstream
of a barrier were given a binary descriptor (0 = not above a barrier,
1 = above a barrier). In the BN model, the ABVBAR node (states =
yes or no) indicated whether a reach was above a barrier.

Because stream–road crossings often form partial to complete
fish passage barriers (GAO 2001), we also evaluated stream–road
crossings in the connectivity section of the BN model. Using a
digital road layer for the entire basin (http://www.fs.fed.us/r6/data-
library/gis/okanogan/index.shtml) and a custom C++ script (avail-
able on request), we identified all road crossings, and summed the
number between a focal reach and the outlet of the nearest patch,
along the minimum in-stream distance (ROADX). In the model,
states for the ROADX node were none (0 crossings), few (1–5 cross-
ings), some (6–14 crossings), and many (≥15 crossings).

In addition to measures of local resistance to movement (i.e.,
complete and partial barriers), we also considered movement dis-
tance, expressed as the stream length between a given focal reach
and the nearest occupied patch. We used a custom C++ script
(available on request) to calculate the minimum in-stream dis-
tance (PATCHDIST; km) from each stream reach to the nearest
patch outlet (i.e., pour point). We assumed this measure was an
adequate proxy for the influence of terrain dissection on the po-
tential for recolonization and persistence (occurrence, Dunham
and Rieman 1999). In the model, we reclassified continuous values
of PATCHDIST into categorical values using the stratification
schema reported in Dunham and Rieman (1999; Fig. 5): adjacent
(< 0.01 km), near (0.01–4.99 km), moderate (5.00–9.99 km), and far
(≥10.00 km). In the BN, we created an intermediate node to repre-
sent intervening passage (INTERV; Table S41) between a focal reach
and the nearest patch that incorporated ROADX and PATCHDIST.

The “recolonization potential” node represented the potential
for a focal stream reach to be recolonized (RECOL) from another
patch as a function of whether the reach was located above an
impassible barrier (ABVBAR) and the potential for movement
among patches (INTERV). We weighted the effects of isolation by
barriers (ABVBAR = yes) more heavily than those of the combined
effects of PATCHDIST and ROADX (Table S51).

Patch size
Existing information suggests that bull trout persistence is

most strongly linked to the size of coldwater patches (Rieman and
McIntyre 1995; Dunham and Rieman 1999). Large habitats support
larger populations than smaller habitats, which in turn should

afford increased resistance to extinction, because localized distur-
bances are less likely to affect an entire population (Dunham et al.
2003b). Based on results of the HSI model, we calculated bull trout
habitat “area” (km) as the total prefire stream length in a patch
that was categorized as high-quality spawning and rearing habi-
tat. We then compared habitat area in a patch to the median
wildfire size in the study basin (�1100 ha; Fig. 2). Because wildfire
size was measured in hectares and bull trout habitat in kilome-
tres, we converted length to area by calculating the mean stream
density (km·ha−1) for patches in the Wenatchee Basin based on the
NHD hydrography layer. This resulted in a 0.007 km·ha−1 conver-
sion factor. In the BN, we considered a patch to be highly vulner-
able to extirpation by wildfire when its patch size (PATCHSIZE)
was at or below the median fire size. We reclassified continuous
values of PATCHSIZE into the categorical values as follows: small,
≤7 km; medium, 7–40 km; and large, >40 km.

Vulnerability
The final node in our BN represented the combined effects of

fire on local habitat suitability (LOCAL), recolonization potential
of focal reaches by bull trout postfire (RECOL), and the likelihood
of recolonization from within a patch postfire, represented by
patch size (PATCHSIZE). To parameterize the CPT table we used
the following rationale. We considered PATCHSIZE and RECOL to
be the most important factors influencing the vulnerability of
bull trout populations postfire, followed by LOCAL, which we con-
sidered to be relatively less important (Table S61). For example,
even if the likely effects of a fire on a focal reach were high, and if
the patch that contains the reach is large relative to the median
fire size, and the potential for recolonization is high (the contrib-
uting reach is not above a barrier), the focal reach is likely to be
recolonized once suitable habitat conditions return, and thus
population vulnerability would be low. Conversely, even moder-
ate impacts of fire on a focal reach located in a small, isolated
patch would contribute towards that population being highly
vulnerable to fire. We used this rationale to systematically popu-
late the CPT table for bull trout population vulnerability to fire
(Table S61).

Modeled scenarios
Our final objective was to contrast current bull trout vulnera-

bility to wildfires across three climate change scenarios. To do so,
we estimated the most probable state and associated uncertainty

Fig. 5. Total stream length in the Wenatchee River basin,
Washington, USA, classified to three bull trout spawning and
rearing habitat suitability classes under the status quo (SQ) and
three climate scenarios: P, low warming; C, moderate warming;
M, high warming.
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for all reaches at each major node (RECOL, LOCAL, PATCHAREA,
VULN) in the BN. We considered these to represent the “status
quo” (SQ; reference year 2012) conditions or scenario. The three
climate change scenarios were based on those developed by
Wenger et al. (2011b) as part of a large-scale assessment of trout
vulnerability to climate change in the intermountain West. Esti-
mates were based on projected flow regimes downscaled from
general circulation models (GCMs) simulating conditions in the
2040s under the A1B emissions scenario (Wenger et al. 2010). The
three climate change scenarios used were high warming (CCM;
MIROC3.2), low warming (CCP; PCM1), and a composite of 10 GCMs
(CCC) to represent moderate warming. Because we did not have
direct estimates of TMAX from these scenarios, we took a conser-
vative approach and increased TMAX by 1, 2, and 3 °C uniformly
across all stream reaches for the CCP, CCC, and CCM scenarios,
respectively. These values are within the range of expected water
temperature increases predicted for the western United States
(Isaak et al. 2012), although we recognized that there is much local
variation in stream temperature response to climate (Arismendi
et al. 2012). We did not change GRAD for the climate change
scenarios because it was an immutable geomorphic characteristic
within the timescale of our study. Using future (2040s) estimates
of SFLOW and W95 generated by Wenger et al. (2011b), and ele-
vated TMAX values, we recalculated the HSI for each of the three
climate scenarios. Within the model, we increased the median
wildfire size from 1097 to 1370 ha (25%) as a conservative estimate
of predicted wildfire size increases of 25%–50% by midcentury in
the Pacific Northwest under climate change conditions (Hessl
2011).

Finally, we considered the effects of two climate adaptation
actions to increase bull trout persistence likelihood in the face of
climate change, including increasing population connectivity
and (or) controlling wildfire (Table 3). At present, bull trout habi-
tat in the Wenatchee River basin is highly fragmented, with nu-
merous natural and man-made barriers. Key actions to increase
connectivity are to remove barriers or translocate fish above bar-
riers (e.g., Neraas and Spruell 2001). To simulate this first action,
we set all reaches in the model to be “not above barrier”
(ABVBAR = no) and applied this to all scenarios. The second man-
agement option was to maintain current wildfire size (1097 ha) via
suppression or fuel management. We implemented this action in
the BN by holding the current median wildfire size constant and
rerunning the model for each of the three climate scenarios.

Model sensitivity
We assumed uniform prior probabilities and used the entropy

reduction method supplied in the Netica software to test the in-
fluence of individual nodes on model results (Marcot et al. 2006).
Sensitivity values were computed for the HSI and model nodes
across the range of possible input conditions.

Results

Status quo (SQ) scenario

Habitat suitability
Eleven patches were delineated based on the 17 °C cut-off

(Fig. 4; Table 1). The number of patches within subwatersheds (i.e.,
12-digit HUCs, NHD) ranged from 1 to 4. Under the SQ and across
the Wenatchee River basin, a total of 297.3 km of high-quality bull
trout spawning and rearing habitat was predicted by the model
(HSI = high; Table 4; Fig. 5). The Icicle Creek subwatershed con-
tained the most high-quality habitat (99.2 km); the Chiwawa River
and Little Wenatchee River subwatersheds also contained abun-
dant high-quality habitat (47.6 and 47.3 km, respectively). In gen-
eral, high-quality habitats occurred at higher elevations and in
more northerly parts of the basin. Chiwaukum Creek contained
the fewest kilometres of high-quality habitat (13.1 km).

Local effects of wildfire
Predicted fire severity varied spatially across the basin with

43.5% (1500 km2), 51.0% (1760 km2), and 5.4% (186 km2) of the total
area classified as low, moderate, and high severity, respectively.
Across six of seven subwatersheds, the proportion of total land
surface area classified as high severity was relatively consistent
(mean = 0.069; SD = 0.004). Total high-severity pixels in Peshastin
Creek was lower (0.035), owing to a preponderance of early seral
and open-canopy forest conditions from prior logging.

The mean wildfire likelihood (�
flike

) ranged from 0.02 to 0.66

(mean ± SD = 0.19 ± 0.12) across all reaches in the basin. After
accounting for variation within RCAs (�flike

2 ), 61.3% of reaches had
FLEST (probability of a wildfire) classified as low, 31.4% as moder-
ate, and 7.3% as high. The mean uncertainty associated with FLEST
(FLESTSD) ranged from 0.01 to 0.33 (mean ± SD = 0.11 ± 0.06), indi-
cating considerable heterogeneity in wildfire likelihood and se-
verity for a given reach. Icicle Creek contained the most stream
reaches in the moderate and high FLEST categories (Table 5). Chi-
waukum and Nason creeks also contained a number of reaches in
the moderate category (40% and 29%, respectively).

Across the basin, where wildfires were predicted to occur, the
relative change in habitat quality (�	HSI) from pre- to post-fire
conditions ranged from –6.4% to –20.0% (mean ± SD = 14.0 ± 2.1),
and the associated �	HSI

2 ranged from 0.1 to 8.1 (mean ± SD = 1.3 ±
1.1). After incorporating parameter uncertainty, <4% of reaches
were predicted to change slightly (0%–5%), 71.2% were predicted
to change moderately (5%–15%), and 25.6% were expected to be
highly impacted. Reaches with the largest �	HSI were located at
higher elevations, where intuitively TMAX would be colder and
thus more suitable for bull trout occurrence.

Table 3. Matrix of climate change scenarios and manage-
ment options contrasted for bull trout habitat and popu-
lation vulnerability to wildfire in the Wenatchee River
basin, Washington, USA.

Management option

Climate
scenario None

Increase
connectivity

Decrease
fire size Both

SQ × × 0 0
P × × × ×
C × × × ×
M × × × ×

Note: ×, scenario conducted; 0, scenario not conducted. Status
quo (SQ), low warming (P), moderate warming (C), and high
warming (M) are shown.

Table 4. Total length of stream (km) classified as high-
quality bull trout spawning and rearing habitat within
six subwatersheds in the Wenatchee River basin, Wash-
ington, USA.

Scenario

Subwatersheds SQ P C M

Chiwawa River 47.6 2.5 0.7 0.4
Chiwaukum Creek 13.1 0.0 0.0 0.0
Icicle Creek 99.2 4.3 1.2 0.6
Little Wenatchee River 47.3 22.2 4.3 2.2
Nason Creek 41.8 0.0 0.0 0.0
Peshastin Creek 3.3 0.0 0.0 0.0
White River 39.1 0.0 0.0 0.0

Note: Results are shown for current (2012) status quo (SQ) con-
ditions and under three climate change scenarios (2050). See text
for full description of scenarios.
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Recolonization potential
Over half (876.2 km; 55%) of all reaches located within bull trout

habitat patches in the basin were above an impassible barrier. The
in-stream distance from one habitat reach to the nearest patch
ranged from <1 to 62.6 km (mean ± SD = 24.7 ± 13.2). The majority
(85.3%) of reaches were located >10 km from the nearest patch. On
average, bull trout would traverse 6.7 road crossings to recolonize
a focal reach from an adjacent patch, and only 7% of reaches had
no road crossings between them and the nearest patch. Most
(83.5%) reaches were located above 1–14 crossings, and 9.5%
had >15 crossings between them and the nearest patch. The num-
ber of crossings ranged from 0 to 19 (mean ± SD = 4.4 ± 4.1).

Patch size
Under the SQ, 9 of 11 patches contained >7 km of high-quality

spawning and rearing habitat, which were larger than the median
regional wildfire size (Fig. 6). Four patches had >40 km classified
as high quality (i.e., PATCHSIZE = large).

Vulnerability and uncertainty
Under the SQ scenario, 12.6, 417.7, and 907.5 stream km were

classified as high, moderate, and low vulnerability, respectively
(Fig. 7a); the majority classified as high or moderately vulnerable
were located in Peshastin and Chiwaukum creeks, and the Little
Wenatchee River (Fig. S21). Vulnerability rankings are useful, but
quantifying the associated uncertainty of predictions is also im-
portant (Fig. S31). For example, although vulnerability to wildfire
for most reaches in Icicle Creek was low, estimates showed
higher associated uncertainty, indicating less support for the
low-vulnerability finding. This was in direct contrast to results for
the Chiwawa River, where vulnerability and uncertainty were pre-
dicted to be low.

Climate change scenarios
Prewildfire stream length classified as highly suitable for bull

trout was reduced by at least one order of magnitude under the
three climate change scenarios (range 3.1–22.2 km) relative to the
SQ scenario (297.3 km; Fig. 5). Less severe changes were predicted
under the low (CCP) and moderate (CCC) warming scenarios. For
example, over 500 km of moderately suitable habitat remained
under the CCP scenario. These changes were driven primarily by
increased TMAX and W95 (Fig. S41), although modest reduction in
SFLOW was also predicted (Fig. S51).

Across the three climate change scenarios, no reaches were
classified as having low vulnerability to wildfire, indicating that
bull trout population susceptibility to wildfire effects stems from
changes to physical habitat conditions and increased wildfire size
(Fig. 7). Additionally, total habitat length was much reduced (i.e.,
reduced PATCHSIZE) owing to climate change effects (relative to
the SQ scenario; Table 4).

Increasing connectivity had little effect on vulnerability under
the SQ scenario because patches were generally large enough to

ensure internal recolonization following wildfire (Fig. 7b). There
was a modest reduction in stream length classified as highly vul-
nerable across the CCP and CCC scenarios when connectivity was
increased. Vulnerability remained much the same under the CCM
(high warming) scenario, regardless of whether connectivity was
increased.

Managing for reduced wildfire size reduced the length of
streams classified as highly vulnerable to wildfire by 91% and 69%
under the CCP and CCC scenarios, respectively (Fig. 7c). Under the
CCM scenario, vulnerability remained the same regardless of fire
management. In a scenario comparison, managing for enhanced
connectivity and reduced wildfire size versus managing fire size
alone resulted in there being no difference in highly vulnerable
stream length, but with the former, stream length classified as
low vulnerability increased (Fig. 7d). Under no climate change
scenarios were any reaches classified as low vulnerability, indicat-
ing that employing multiple management options may be useful
to enhance bull trout habitat suitability under a warming climate.

Sensitivity analysis
Both the HSI and BN behaved as expected given their structure

and the variable weighting influences. In the HSI, bull trout

Table 5. Total length (km) and proportion (in parentheses) of stream reaches classified to three states of fire likeli-
hood and predicted postfire habitat change in seven subwatersheds in the Wenatchee River basin, Washington, USA.

Fire likelihood Post-fire habitat change

Subwatersheds
Low
(0.00–0.25)

Moderate
(0.26–0.50)

High
(>0.50)

Slight
(0%–5%)

Moderate
(6%–15%)

High
(>16%)

Chiwawa River 241.43 (0.93) 15.28 (0.06) 2.77 (0.01) 0.00 (0.00) 8.82 (0.19) 38.80 (0.81)
Chiwaukum Creek 40.45 (0.60) 27.43 (0.40) 0.00 (0.00) 0.00 (0.00) 2.57 (0.20) 10.57 (0.80)
Icicle Creek 269.16 (0.80) 52.47 (0.16) 12.93 (0.04) 0.29 (0.00) 22.75 (0.23) 76.20 (0.77)
Little Wenatchee River 156.78 (0.75) 49.56 (0.24) 1.60 (0.01) 0.69 (0.01) 24.13 (0.51) 22.46 (0.47)
Nason Creek 121.39 (0.69) 50.83 (0.29) 3.20 (0.02) 0.00 (0.00) 5.49 (0.13) 36.35 (0.87)
Peshastin Creek 99.91 (0.81) 22.92 (0.19) 0.00 (0.00) 0.59 (0.18) 0.58 (0.18) 2.14 (0.65)
White River 154.04 (0.92) 13.37 (0.08) 0.00 (0.00) 0.00 (0.00) 5.07 (0.13) 34.00 (0.87)

Note: Lengths for habitat change are only for reaches classified as high-quality bull trout spawning and rearing habitat (see text for
details).

Fig. 6. Boxplots of total stream length classified as high-quality bull
trout spawning and rearing habitat for 11 patches in the Wenatchee
River basin, Washington, USA, under a status quo (SQ) and three
future climate change scenarios: P, low warming; C, moderate
warming; M, high warming. Within boxes, dashed lines represent
the mean, solid line the median, and whiskers the 5th and 95th
percentiles. Dashed and solid horizontal lines represent the mean
and median regional fire sizes, respectively (see Fig. 2).
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habitat suitability was most sensitive to TMAX and its associated
nodes (variance reduction = 0.469), followed by W95 (0.116),
SFLOW (0.023), and GRAD (0.014). In the model, VULN was most
sensitive to PATCH SIZE (0.367), followed by RECOL (0.022) and
LOCAL (0.017), and their components.

Discussion
Although climate projections indicate major losses of suitable

bull trout habitat throughout much of the species’ range (e.g.,
Rieman et al. 2007; Isaak et al. 2012; Wenger et al. 2013), results
which the current study supports, our analysis also shows that
local management can significantly reduce the vulnerability of
this species to climate change. Our findings also differ from a
similar previous effort that considered winter flooding, summer
low flows, and summer temperature influences on bull trout, in
the context of managing nonnative brook trout and climate
change impacts (Peterson et al. 2013). Our scenarios did not con-
sider brook trout management, because earlier work did not de-
tect an influence of brook trout on presence of bull trout in our
study basin (Dunham et al. 2003a). However, we acknowledge that
threats posed by brook trout may be important in other locations
(Dunham et al. 2002).

Modeling results helped us to identify key habitat constraints
and management opportunities useful to influencing bull trout
persistence likelihood in the face of likely climatic and wildfire
futures (sensu Rieman et al. 2010). Our findings are applicable to
coarser-scale assessments of vulnerability for bull trout across the
species’ range (e.g., US Fish and Wildlife Service 2008), as well as
for other salmonid species with similar habitat requirements. The
results of this work, considered in the context of past bull trout
and climate evaluations, show that bull trout vulnerability to cli-
mate change depends on (i) the extent to which effects can be
offset by management, (ii) how other cofactors can be managed or
mitigated, and (iii) the magnitude of climate change itself. We
discuss each of these three themes below along with future re-
search and management needs.

Wildfire can have an impact on salmonids in streams. In partic-
ular, episodic, high-magnitude disturbances (e.g., extreme flood-
ing, debris flows) within days to the first few years following a
severe wildfire (Miller et al. 2003; Wondzell and King 2003) can
lead to local extirpations (Dunham et al. 2003b). Over the longer
term, fire-related changes in channel form and, most importantly,
temperatures, can lead to changes in riverine food webs (Minshall
2003; Rosenberger et al. 2011; Davis et al. 2013), a host of temperature-

Fig. 7. Total stream length classified to three states of bull trout population vulnerability to wildfire under a status quo (SQ) and three
climate change scenarios: P, low warming; C, moderate warming; M, high warming. Four management options are presented: no
management (a), manage for connectivity (b), manage for fire size (c), and manage for both connectivity and fire size (d). See text for
description of management options and scenarios.
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linked physiological effects on fish (Jager et al. 1999), and ulti-
mately mortality or local extirpation if temperatures exceed
lethal limits. However, given sufficient connectivity, salmonids
can recover quickly from wildfire (Rieman et al. 1997; Burton
2005; Dunham et al. 2007; Neville et al. 2009) if suitable environ-
mental conditions exist. Moreover, alteration of physical habitat
from debris flows and landslides following wildfire may result in
the extirpation of nonnative species and a concurrent coloniza-
tion of native species (Sestrich et al. 2010).

We assumed that the availability of suitably cold habitats rela-
tive to the mean area of wildfires provided an indication of
relative vulnerability, and that larger and more severe fires can
drastically reduce suitable habitat and vulnerability to extinction.
However, we did note that in the absence of management, habitat
size declined more dramatically (Fig. 6), resulting in substantially
increased vulnerability of bull trout populations (Fig. 7). Although
much of the Wenatchee River basin is affected by barriers to fish
movement, managing for increased connectivity had little influ-
ence on bull trout vulnerability to climate change (Fig. 7). In con-
trast, management to reduce fire size greatly improved the future
outlook for bull trout, although less so for the most pessimistic
climate scenario. These findings suggest that there are manage-
ment opportunities for improving bull trout resilience to climate
change, and that some actions (e.g., fire management) may be
more important than others (e.g., managing nonnative brook
trout or connectivity).

Although climate can pose serious threats to bull trout (e.g.,
Table 4), our results suggest that local actions such as barrier
removal or fuel management can be effective in reducing vulner-
ability in the face of climate change (e.g., Fig. 7). Furthermore, the
actions we considered are among those already in place or part of
long-term management prescriptions for bull trout (e.g., US Fish
and Wildlife Service 2008), and more generally (Littell et al. 2011)
across the region. Obviously, questions remain regarding whether
sufficient resources can be directed to implementing manage-
ment in a timely manner, but for bull trout in the Wenatchee
River basin, focused actions with limited resources will likely pro-
vide benefits.

The Wenatchee River basin likely represents a unique setting
and configuration of threats, but many of the fundamental pro-
cesses we modeled are in operation across the range of bull trout,
and lessons learned from our applications may be useful in other
locations. Analyses in other locations may identify different threats
and associated management actions. For example, threats from
debris flows immediately following fire (Lyon and O’Connor 2008)
or nonnative brook trout may be more important in other loca-
tions (e.g., Leary et al. 1993; Kanda et al. 2002; DeHaan et al. 2010).
In studies of other salmonids, threats from loss of connectivity
and hybridization with nonnative species have proven to be more
important than the threat of wildfire in the short term (Neville
et al. 2009; Neville and Dunham 2011). As with this study, our
collective view of threats may change over time. For example,
negative impacts of climate change on nonnative species may
indirectly benefit native species (Wenger et al. 2011a).

Given the complexity of factors at play, it is difficult to translate
any scenario analysis into absolute predictions of local outcomes.
For example, recent work shows that historical changes in stream
temperatures do not always track atmospheric changes (Arismendi
et al. 2012). Many localized factors are known to influence both
hydrological and thermal characteristics of streams (e.g., Safeeq
et al. 2013), including those associated with land management
(Moore et al. 2005). The approach we have developed here is useful
to applying regional climatic projections to watershed vulnerabil-
ity assessments, but we suggest that realization of climate-related
changes in streams will strongly depend on local conditions.

Over longer time periods and more extreme change projections
it is plausible that climate impacts can overwhelm our capacity to
locally adapt. Furthermore, recent work has shown that uncer-

tainty regarding the future climate may be more important than
our uncertainty with how bull trout will respond to the climate
(upper Columbia River basin; Wenger et al. 2013). Accordingly,
where climate change impacts are predicted to be more extreme
than those considered here, broad-scale management alterna-
tives, such as restoration of riparian zones (Cristea and Burges
2010), may be more effective. Such actions may occur at much
larger scales than those normally considered in land and species
management plans, and may include wholesale translocations
(Hulme 2005; Thomas 2011) or conservation efforts in new parts of
species’ ranges (Peters 1988).

Our habitat suitability model focused on bull trout spawning
and rearing habitats. Similar to other salmonids, bull trout dis-
play a diversity of life histories, including smaller-bodied stream
residents and large-bodied fluvial–migratory life histories (Dunham
et al. 2008), the latter of which are likely reduced in abundance in
the Wenatchee River basin owing to extensive habitat fragmenta-
tion and degradation in lower mainstem reaches, which were not
included in our model. To apply our model to basins with a sig-
nificant migratory bull trout component, nodes that characterize
large river rearing or refuge habitat could be included.

Although our HSI was based on empirical models that have
successfully predicted bull trout occurrence in other basins, ow-
ing to the listed status, distribution data specific to the Wenatchee
River basin are limited. However, of the 21 georeferenced obser-
vations of adult or juvenile bull trout available (J. Falke, unpub-
lished data), all fell within reaches that our HSI index predicted to
be high-quality habitat. Moreover, reaches designated as critical
habitat within the study basin (US Fish and Wildlife Service 2008)
aligned well with predicted habitat suitability. Range-wide critical
habitat maps based on expert opinion are available for this spe-
cies and could be incorporated to supplement BN model predic-
tions.

We predicted fire severity and likelihood in the Wenatchee
River basin using a state of the art, spatially explicit fire growth
model parameterized to reflect local topography and fuels. For
our future climate and management scenarios, we assumed that
fire size would increase by 25%, but we held severity and likeli-
hood constant. This assumption is conservative in light of some
climate forecasts, particularly those extending over longer (>30 year)
time horizons. However, resilience and percolation theory indi-
cate that fire severity and size do not inexorably increase (Stauffer
and Aharony 1991). Postfire changes in vegetation can influence
the frequency, size, and severity of subsequent fires (see Moritz
et al. 2011 and references therein). This is more likely after about
40%–50% of the landscape has burned. For this reason, we took a
conservative approach in estimating future fire size and severity
under climate change scenarios. Given that our confidence in any
prediction or projection decreases as the time horizon increases,
we opted to focus on a relatively short (30 year) period, reasoning
that our understanding of future scenarios is bound to improve
dramatically in coming decades and that trends in the next
30 years are nonetheless relevant to climate adaptation and other
management objectives. Moreover, near-term forecasts are most
applicable to current managers, because scenarios made under
these time horizons (years to decades) will effectively need to be
considered during their tenure (Carpenter 2002).

Subsequent studies of future fire effects on native fishes should
incorporate scenarios that represent expected vegetation change
via state-transition models that directly incorporate vegetation
and disturbance dynamics (e.g., see Keane et al. 2008; Scheller
et al. 2007). Using our BN and climate scenario modeling ap-
proach, fish population vulnerability could then be evaluated
based on realistic future vegetation scenarios that include ongo-
ing vegetation succession and disturbance, forest management,
and their inherent variability, which may be more influential
than factors already considered. In a modeling system employing
state-transition modeling, forest management could be spatially
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allocated opportunistically to prevent large and severe wildfires.
Moreover, such modeling might create common ground between
aquatic and terrestrial ecosystem managers and contribute to-
wards a better understanding of how forests might be managed to
benefit terrestrial and aquatic organisms (see Rieman et al. 2000,
2010).

Acknowledgements
This project was partially funded by a grant from the Joint Fire

Science Program to G.H.R. and R.L.F., the American Recovery and
Reinvestment Act through the US Forest Service Pacific Northwest
Research Station, and the DOI Northwest Climate Science Center.
Additional support for J.A.F. and K.M.M. was provided by the Na-
tional Research Council and Oregon State University. The authors
thank L. Benda, P. Bisson, W. Elliot, and S. Wondzell for advice on
an early version of the project and K. Pearse for editorial assis-
tance. A. Brookes, C. Jordan, K. Vance-Borland, and M. Weber
assisted with study design and analysis. Any use of trade, firm, or
product names is for descriptive purposes only and does not imply
endorsement by the US government.

References
Arismendi, I., Johnson, S.L., Dunham, J.B., Haggerty, R., and Hockman-Wert, D.

2012. The paradox of cooling streams in a warming world: Regional climate
trends do not parallel variable local trends in stream temperature in the
Pacific continental United States. Geophys. Res. Lett. 39(10): L10401. doi:10.
1029/2012GL051448.

Arismendi, I., Johnson, S.L., Dunham, J.B., and Haggerty, R. 2013. Descriptors of
natural thermal regimes in streams and their responsiveness to change in
the Pacific Northwest of North America. Freshw. Biol. 58(5): 880–894. doi:10.
1111/fwb.12094.

Barrett, S.W., Arno, S.F., and Menakis, J.P. 1997. Fire episodes in the Inland
Northwest (1540–1940) based on fire history data. Gen. Tech. Rept. INT-GTR-
370, Intermountain Research Station, Odgen, Utah.

Bisson, P.A., Rieman, B.E., Luce, C., Hessburg, P.F., Lee, D.C., Kershner, J., and
Reeves, G.H. 2003. Fire and aquatic ecosystems of the western USA: current
knowledge and key questions. For. Ecol. Manage. 178(1–2): 213–229. doi:10.
1016/S0378-1127(03)00063-X.

Borsuk, M.E., Reichert, P., Peter, A., Schager, E., and Burkhardt-Holm, P. 2006.
Assessing the decline of brown trout (Salmo trutta) in Swiss rivers using a
Bayesian probability network. Ecol. Model. 192(1–2): 224–244. doi:10.1016/j.
ecolmodel.2005.07.006.

Brown, D.K., Echelle, A.A., Propst, D.L., Brooks, J.E., and Fisher, W.L. 2001. Cata-
strophic wildfire and number of populations as factors influencing risk of
extinction for Gila trout (Oncorhynchus gilae). West. N. Am. Nat. 61(2): 139–148.

Burton, T.A. 2005. Fish and stream habitat risks from uncharacteristic wildfire:
Observations from 17 years of fire-related disturbances on the Boise National
Forest, Idaho. For. Ecol. Manage. 211(1–2): 140–149. doi:10.1016/j.foreco.2005.
02.063.

Carpenter, S.R. 2002. Ecological futures: Building an ecology of the long now.
Ecology, 83(8): 2069–2083. doi:10.1890/0012-9658(2002)083[2069:EFBAEO]2.0.
CO;2.

Climate Impacts Group. 2009. The Washington Climate Change Impacts Assess-
ment. Edited by M. McGuire Elsner, J. Littell, and L. Whitely Binder. Center for
Science in the Earth System, Joint Institute for the Study of the Atmosphere
and Oceans, University of Washington, Seattle, Wash.

Cristea, N.C., and Burges, S.J. 2010. An assessment of the current and future
thermal regimes of three streams located in the Wenatchee River basin,
Washington State: some implications for regional river basin systems. Cli-
matic Change, 102(3–4): 493–520. doi:10.1007/s10584-009-9700-5.

Davis, J.M., Baxter, C.V., Rosi-Marshall, E.J., Pierce, J.L., and Crosby, B.T. 2013.
Anticipating stream ecosystem responses to climate change: toward predic-
tions that incorporate effects via land-water linkages. Ecosystems, 16: 909–
922. doi:10.1007/s10021-013-9653-4.

DeHaan, P.W., Schwabe, L.T., and Ardren, W.R. 2010. Spatial patterns of hybrid-
ization between bull trout, Salvelinus confluentus, and brook trout, Salvelinus
fontinalis, in an Oregon stream network. Conserv. Genet. 11(3): 935–949. doi:
10.1007/s10592-009-9937-6.

Dunham, J.B., and Rieman, B.E. 1999. Metapopulation structure of bull trout:
Influences of physical, biotic, and geometrical landscape characteristics.
Ecol. Appl. 9(2): 642–655. doi:10.1890/1051-0761(1999)009[0642:MSOBTI]2.0.
CO;2.

Dunham, J.B., Rieman, B.E., and Peterson, J.T. 2002. Patch-based models to pre-
dict species occurrence: lessons from salmonid fishes in streams. In Predict-
ing species occurrences: issues of accuracy and scale. Edited by J.M. Scott,
P.J. Heglund, M.L. Morrison, J.B. Haufler, M.G. Raphael, W.A. Wall, and
F.B. Samson. Island Press. pp. 327–334.

Dunham, J., Rieman, B., and Chandler, G. 2003a. Influences of temperature and

environmental variables on the distribution of bull trout within streams at
the southern margin of its range. N. Am. J. Fish. Manage. 23(3): 894–904.
doi:10.1577/M02-028.

Dunham, J.B., Young, M.K., Gresswell, R.E., and Rieman, B.E. 2003b. Effects of fire
on fish populations: landscape perspectives on persistence of native fishes
and nonnative fish invasions. For. Ecol. Manage. 178(1–2): 183–196. doi:10.1016/
S0378-1127(03)00061-6.

Dunham, J., Chandler, G., Rieman, B., and Martin, D. 2005. Measuring stream
temperature with digital data loggers: A user’s guide. General Technical
Report. RMRSGTR-150WWW. U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station, Fort Collins, Colo.

Dunham, J.B., Rosenberger, A.E., Luce, C.H., and Rieman, B.E. 2007. Influences of
wildfire and channel reorganization on spatial and temporal variation in
stream temperature and the distribution of fish and amphibians. Ecosys-
tems, 10(2): 335–346. doi:10.1007/s10021-007-9029-8.

Dunham, J., Baxter, C., Fausch, K., Fredenberg, W., Kitano, S., Koizumi, I.,
Morita, K., Nakamura, T., Rieman, B., Savvaitova, K., Stanford, J., Taylor, E.,
and Yamamoto, S. 2008. Evolution, ecology, and conservation of Dolly
Varden, white spotted char, and bull trout. Fisheries, 33(11): 537–550. doi:10.
1577/1548-8446-33.11.537.

Everett, R.L., Schellhaas, R., Keenum, D., Spurbeck, D., and Ohlson, P. 2000. Fire
history in the ponderosa pine/Douglas-fir forests on the east slope of the
Washington Cascades. For. Ecol. Manage. 129(1–3): 207–225. doi:10.1016/S0378-
1127(99)00168-1.

Falke, J.A., Dunham, J.B., Jordan, C.E., McNyset, K.M., and Reeves, G.H. 2013.
Spatial ecological processes and local factors predict the distribution and
abundance of spawning by steelhead (Oncorhynchus mykiss) across a complex
riverscape. PloS ONE, 8(11): e79232. doi:10.1371/journal.pone.0079232. PMID:
24265762.

Finney, M.A. 2002. Fire growth using minimum travel time methods. Can. J. For.
Res. 32(8): 1420–1424. doi:10.1139/x02-068.

Finney, M.A. 2003. Calculation of fire spread rates across random landscapes.
Int. J. Wildland Fire, 12: 167–174. doi:10.1071/WF03010.

Finney, M.A. 2005. The challenge of quantitative risk analysis for wildland fire.
For. Ecol. Manage. 211(1–2): 97–108. doi:10.1016/j.foreco.2005.02.010.

Finney, M.A. 2006. An overview of FlamMap fire modeling capabilities. USDA
For. Serv. Gen. Tech. Rep. RMRS-P-41. pp. 213–220.

Forthofer, J.M. 2007. Modeling wind in complex terrain for use in fire spread
prediction. M. Sc. thesis, Colorado State University, Fort Collins, Colo.

GAO. 2001. Land Management Agencies: Restoring fish passage through culverts
on Forest Service and BLM lands in Oregon and Washington could take
decades [online]. Report to the ranking minority member, Subcommittee on
Interior and related agencies, Committee on Appropriations, House of Rep-
resentatives, General Accounting Office. GAO-02-136. Available online from
http://www.gao.gov/new.items/d02136.pdf.

Gedalof, Z., and Smith, D.J. 2001. Interdecadal climate variability and regime-
scale shifts in Pacific North America. Geophys. Res. Lett. 28: 1515–1518. doi:
10.1029/2000GL011779.

Graham, R.T., Harvey, A.E., Jain, T.B., and Tonn, J.R. 1999. The effects of thinning
and similar stand treatments on fire behavior in Western forests. Gen. Tech.
Rep. PNW-GTR-463. US Department of Agriculture, Forest Service, Pacific
Northwest Research Station, Portland, Ore.

Graham, R.T., McCaffrey, S., and Jain, T.B., Editors. 2004. Science basis for chang-
ing forest structure to modify wildfire behavior and severity. Gen. Tech. Rep.
RMRS-GTR-120. US Department of Agriculture, Forest Service, Rocky Moun-
tain Research Station, Fort Collins, Colo.

Hessburg, P.F., and Agee, J.K. 2003. An environmental narrative of Inland North-
west United States forests, 1800-2000. For. Ecol. Manage. 178(1–2): 23–59.
doi:10.1016/S0378-1127(03)00052-5.

Hessburg, P.F., Smith, B.G, Kreiter, S.D., Miller, C.A., Salter, R.B., McNicoll, C.H.,
and Hann, W.J. 1999. Historical and current forest and range landscapes in
the interior Columbia River Basin and portions of the Klamath and Great
Basins: Part I: Linking vegetation patterns and landscape vulnerability to
potential insect and pathogen disturbances. PNW-GTR-458. US Department
of Agriculture, Forest Service, Pacific Northwest Research Station, Portland,
Ore.

Hessburg, P.F., Smith, B.G., Salter, R.B., Ottmar, R.D., and Alvarado, E. 2000.
Recent changes (1930s–1990s) in spatial patterns of interior northwest for-
ests, U.S.A. For. Ecol. Manage. 136(1–3): 53–83.

Hessburg, P.F., Agee, J.K., and Franklin, J.F. 2005. Dry mixed conifer forests and
wildland fires of the Inland Northwest U.S.A.: contrasting the landscape
ecology of the pre-settlement and modern eras. For. Ecol. Manage. 211(1–2):
117–139.

Hessburg, P.F., Salter, R.B., and James, K.M. 2007. Re-examining fire severity
relations in pre-management era mixed conifer forests: Inferences from
landscape patterns of forest structure. Landsc. Ecol. 22(S1): 5–24. doi:10.1007/
s10980-007-9098-2.

Hessl, A.E. 2011. Pathways for climate change effects on fire: Models, data, and
uncertainties. Prog. Phys. Geogr. 35(3): 393–407. doi:10.1177/0309133311407654.

Hessl, A.E., McKenzie, D., and Schellhaas, R. 2004. Fire and climatic variability in
the inland Pacific Northwest. Ecol. Appl. 14: 425–442. doi:10.1890/03-5019.

Hulme, P.E. 2005. Adapting to climate change: is there scope for ecological
management in the face of a global threat? J. Appl. Ecol. 42(5): 784–794.
doi:10.1111/j.1365-2664.2005.01082.x.

316 Can. J. Fish. Aquat. Sci. Vol. 72, 2015

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
O

re
go

n 
St

at
e 

U
ni

ve
rs

ity
 o

n 
03

/1
0/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://dx.doi.org/10.1029/2012GL051448
http://dx.doi.org/10.1029/2012GL051448
http://dx.doi.org/10.1111/fwb.12094
http://dx.doi.org/10.1111/fwb.12094
http://dx.doi.org/10.1016/S0378-1127(03)00063-X
http://dx.doi.org/10.1016/S0378-1127(03)00063-X
http://dx.doi.org/10.1016/j.ecolmodel.2005.07.006
http://dx.doi.org/10.1016/j.ecolmodel.2005.07.006
http://dx.doi.org/10.1016/j.foreco.2005.02.063
http://dx.doi.org/10.1016/j.foreco.2005.02.063
http://dx.doi.org/10.1890/0012-9658(2002)083%5B2069%3AEFBAEO%5D2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2002)083%5B2069%3AEFBAEO%5D2.0.CO;2
http://dx.doi.org/10.1007/s10584-009-9700-5
http://dx.doi.org/10.1007/s10021-013-9653-4
http://dx.doi.org/10.1007/s10592-009-9937-6
http://dx.doi.org/10.1890/1051-0761(1999)009%5B0642%3AMSOBTI%5D2.0.CO;2
http://dx.doi.org/10.1890/1051-0761(1999)009%5B0642%3AMSOBTI%5D2.0.CO;2
http://dx.doi.org/10.1577/M02-028
http://dx.doi.org/10.1016/S0378-1127(03)00061-6
http://dx.doi.org/10.1016/S0378-1127(03)00061-6
http://dx.doi.org/10.1007/s10021-007-9029-8
http://dx.doi.org/10.1577/1548-8446-33.11.537
http://dx.doi.org/10.1577/1548-8446-33.11.537
http://dx.doi.org/10.1016/S0378-1127(99)00168-1
http://dx.doi.org/10.1016/S0378-1127(99)00168-1
http://dx.doi.org/10.1371/journal.pone.0079232
http://www.ncbi.nlm.nih.gov/pubmed/24265762
http://dx.doi.org/10.1139/x02-068
http://dx.doi.org/10.1071/WF03010
http://dx.doi.org/10.1016/j.foreco.2005.02.010
http://www.gao.gov/new.items/d02136.pdf
http://dx.doi.org/10.1029/2000GL011779
http://dx.doi.org/10.1016/S0378-1127(03)00052-5
http://dx.doi.org/10.1007/s10980-007-9098-2
http://dx.doi.org/10.1007/s10980-007-9098-2
http://dx.doi.org/10.1177/0309133311407654
http://dx.doi.org/10.1890/03-5019
http://dx.doi.org/10.1111/j.1365-2664.2005.01082.x


Isaak, D.J., Luce, C.H., Rieman, B.E., Nagel, D.E., Peterson, E.E., Horan, D.L.,
Parkes, S., and Chandler, G.L. 2010. Effects of climate change and wildfire on
stream temperatures and salmonid thermal habitat in a mountain river
network. Ecol. Appl. 20(5): 1350–1371. doi:10.1890/09-0822.1. PMID:20666254.

Isaak, D., Wollrab, S., Horan, D., and Chandler, G. 2012. Climate change effects
on stream and river temperatures across the northwest U.S. from 1980–2009
and implications for salmonid fishes. Clim. Change, 113(2): 499–524.

Jager, H.I., Van Winkle, W., and Holcomb, B.D. 1999. Would hydrologic climate
changes in Sierra Nevada streams influence trout persistence? Trans. Am.
Fish. Soc. 128(2): 222–240. doi:10.1577/1548-8659(1999)128<0222:WHCCIS>2.0.
CO;2.

Jensen, F.V. 2001. Bayesian networks and decision graphs. Statistics for engineer-
ing and information science. Springer-Verlag, New York.

Kanda, N., Leary, R.F., Spruell, P., and Allendorf, F.W. 2002. Molecular genetic
markers identifying hybridization between the Colorado River-greenback
cutthroat trout complex and Yellowstone cutthroat trout or rainbow trout.
Trans. Am. Fish. Soc. 131(2): 312–319. doi:10.1577/1548-8659(2002)131<0312:
MGMIHB>2.0.CO;2.

Keane, R.E., Holsinger, L.M., Parsons, R.A., and Gray, K. 2008. Climate change
effects on historical range and variability of two large landscapes in western
Montana, USA. For. Ecol. Manage. 254(3): 375–389. doi:10.1016/j.foreco.2007.
08.013.

Leary, R.F., Allendorf, F.W., and Forbes, S.H. 1993. Conservation genetics of bull
trout in the Columbia and Klamath River drainages. Conserv. Biol. 7(4): 856–
865. doi:10.1046/j.1523-1739.1993.740856.x.

Littell, J.S., McKenzie, D., Peterson, D.L., and Westerling, A.L. 2009. Climate and
wildfire area burned in western U.S. ecoprovinces, 1916–2003. Ecol. Appl.
19(4): 1003–1021. doi:10.1890/07-1183.1.

Littell, J.S., O’Neil, E.E., McKenzie, D., Hicke, J.A., Lutz, J.A., Norheim, R.A., and
Elsner, M.M. 2010. Forest ecosystems, disturbance, and climatic change in
Washington State, U.S.A. Clim. Change, 102(1–2): 129–158.

Littell, J.S., McKenzie, D., Kerns, B.K., Cushman, S., and Shaw, C.G. 2011. Manag-
ing uncertainty in climate-driven ecological models to inform adaptation to
climate change. Ecosphere, 2(9): art102. doi:10.1890/ES11-00114.1.

Liu, Y., Goodrick, S.L., and Stanturf, J.A. 2013. Future U.S. wildfire potential
trends projected using a dynamically downscaled climate change scenario.
For. Ecol. Manage. 294: 120–135. doi:10.1016/j.foreco.2012.06.049.

Luce, C.H., and Holden, Z.A. 2009. Declining annual streamflow distributions in
the Pacific Northwest United States, 1948–2006. Geophys. Res. Lett. 36(16).

Lyon, J.P., and O’Connor, J.P. 2008. Smoke on the water: can riverine fish popu-
lations recover following a catastrophic fire-related sediment slug? Austral
Ecol. 33: 794–806. doi:10.1111/j.1442-9993.2008.01851.x.

Mahlum, S.K., Eby, L.A., Young, M.K., Clancy, C.G., and Jakober, M. 2011. Effects
of wildfire on stream temperatures in the Bitterroot River Basin, Montana.
Int. J. Wildland Fire, 20(2): 240–247. doi:10.1071/WF09132.

Marcot, B.G., Steventon, J.D., Sutherland, G.D., and McCann, R.K. 2006. Guide-
lines for developing and updating Bayesian belief networks applied to eco-
logical modeling and conservation. Can. J. For. Res. 36(12): 3063–3074. doi:10.
1139/x06-135.

McElroy, P., Goehner, K., Frank, R., Isenhart, B., Howell, B., and Schmidt, B. 2005.
Leavenworth area community wildfire protection plan. Chelan County Con-
servation District, Chelan County, Wash.

McKenzie, D., Gedalof, Z., Peterson, D.L., and Mote, P. 2004. Climatic change,
wildfire, and conservation. Conserv. Biol. 18: 890–902. doi:10.1111/j.1523-1739.
2004.00492.x.

Miller, D., Luce, C., and Benda, L. 2003. Time, space, and episodicity of physical
disturbance in streams. For. Ecol. Manage. 178(1–2): 121–140. doi:10.1016/S0378-
1127(03)00057-4.

Minshall, G.W. 2003. Responses of stream benthic macroinvertebrates to fire.
For. Ecol. Manage. 178(1–2): 155–161. doi:10.1016/S0378-1127(03)00059-8.

Moore, R., Spittlehouse, D.L., and Story, A. 2005. Riparian microclimate and
stream temperature response to forest harvesting: a review. JAWRA J. Am.
Water Resour. Assoc. 41(4): 813–834. doi:10.1111/j.1752-1688.2005.tb03772.x.

Moritz, M.A., Hessburg, P.F., and Povak, N.A. 2011. Native fire regimes and land-
scape resilience. In Ecological studies series. Vol. 213. The landscape ecology
of fire. Edited by D. McKenzie, C. Miller, and D.A. Falk. Springer. pp. 51–86.

NASA. 2013. Land Processes Distributed Active Archive Center (LP DAAC).
MOD11A1. USGS/Earth Resources Observation and Science (EROS) Center,
Sioux Falls, S.D. 2001–2010.

Neraas, L.P., and Spruell, P. 2001. Fragmentation of riverine systems: the genetic
effects of dams on bull trout (Salvelinus confluentus) in the Clark Fork River
system. Mol. Ecol. 10: 1153–1164. doi:10.1046/j.1365-294X.2001.01269.x. PMID:
11380874.

Neville, H.M., and Dunham, J.B. 2011. Patterns of hybridization of nonnative
cutthroat trout and hatchery rainbow trout with native redband trout in the
Boise River, Idaho. N. Am. J. Fish. Manage. 31(6): 1163–1176. doi:10.1080/02755947.
2011.647252.

Neville, H., Dunham, J., Rosenberger, A., Umek, J., and Nelson, B. 2009. Influ-
ences of wildfire, habitat size, and connectivity on trout in headwater
streams revealed by patterns of genetic diversity. Trans. Am. Fish. Soc. 138(6):
1314–1327. doi:10.1577/T08-162.1.

Pearl, J. 2000. Causality: models, reasoning, and inference. Cambridge Univer-
sity Press, N.Y.

Perry, D.A., Hessburg, P.F., Skinner, C.N., Spies, T.A., Stephens, S.L., Taylor, A.H.,
Franklin, J.F., McComb, B., and Riegel, G. 2011. The ecology of mixed severity
fire regimes in Washington, Oregon, and Northern California. For. Ecol.
Manage. 262(5): 703–717. doi:10.1016/j.foreco.2011.05.004.

Peters, R.L., II. 1988. The effect of global climatic change on ecological commu-
nities. In Biodiversity. Edited by E.O. Wilson and F.M. Peter. National Academy
Press, Washington, D.C. pp. 450–464.

Peterson, D.P., Rieman, B.E., Dunham, J.B., Fausch, K.D., and Young, M.K. 2008.
Analysis of trade-offs between threats of invasion by nonnative brook trout
(Salvelinus fontinalis) and intentional isolation for native westslope cutthroat
trout (Oncorhynchus clarkii lewisi). Can. J. Fish. Aquat. Sci. 65(4): 557–573. doi:
10.1139/f07-184.

Peterson, D.P., Wenger, S.J., Rieman, B.E., and Isaak, D.J. 2013. Linking climate
change and fish conservation efforts using spatially explicit decision support
tools. Fisheries, 38(3): 112–127. doi:10.1080/03632415.2013.769157.

Rich, C.F., McMahon, T.E., Rieman, B.E., and Thompson, W.L. 2003. Local-
habitat, watershed, and biotic features associated with bull trout occurrence
in Montana streams. Trans. Am. Fish. Soc. 132(6): 1053–1064. doi:10.1577/T02-
109.

Rieman, B.E., and Isaak, D.J. 2010. Climate change, aquatic ecosystems, and
fishes in the Rocky Mountain West: implications and alternatives for man-
agement. Gen. Tech. Rep. RMRS-GTR-250. US Department of Agriculture,
Forest Service, Rocky Mountain Research Station, Fort Collins, Colo.

Rieman, B.E., and McIntyre, J.D. 1995. Occurrence of bull trout in naturally
fragmented habitat patches of varied size. Trans. Am. Fish. Soc. 124(3): 285–
296. doi:10.1577/1548-8659(1995)124<0285:OOBTIN>2.3.CO;2.

Rieman, B.E., Lee, D.C., Chandler, G., and Myers, D. 1997. Does wildfire threaten
extinction for salmonids: responses of redband trout and bull trout following
recent large fires on the Boise National Forest. In Proceedings of the Confer-
ence on Wildfire and Threatened and Endangered Species and Habitats,
Coeur d’Alene, Idaho, 13–15 November 1995. International Association of
Wildland Fire, Fairfield, Wash. pp. 47–57.

Rieman, B.E., Lee, D.C., Thurow, R.F., Hessburg, P.F., and Sedell, J.R. 2000. To-
ward an integrated classification of ecosystems: defining opportunities for
managing fish and forest health. Environ. Manage. 25: 425–444. doi:10.1007/
s002679910034. PMID:10667948.

Rieman, B., Peterson, J.T., Clayton, J., Howell, P., Thurow, R., Thompson, W., and
Lee, D. 2001. Evaluation of potential effects of federal land management
alternatives on trends of salmonids and their habitats in the interior Colum-
bia River basin. For. Ecol. Manage. 153(1–3): 43–62. doi:10.1016/S0378-1127
(01)00453-4.

Rieman, B., Lee, D., Burns, D., Gresswell, R., Young, M., Stowell, R., Rinne, J., and
Howell, P. 2003. Status of native fishes in the western United States and issues
for fire and fuels management. For. Ecol. Manage. 178(1–2): 197–211. doi:10.
1016/S0378-1127(03)00062-8.

Rieman, B.E., Isaak, D., Adams, S., Horan, D., Nagel, D., Luce, C., and Myers, D.
2007. Anticipated climate warming effects on bull trout habitats and popu-
lations across the interior Columbia River basin. Trans. Am. Fish. Soc. 136(6):
1552–1565. doi:10.1577/T07-028.1.

Rieman, B.E., Hessburg, P.F., Luce, C., and Dare, M.R. 2010. Wildfire and man-
agement of forests and native fishes: conflict or opportunity for convergent
solutions? Bioscience, 60(6): 460–468. doi:10.1525/bio.2010.60.6.10.

Roberts, J.J., Fausch, K.D., Peterson, D.P., and Hooten, M.B. 2013. The potential
effects of climate change on the persistence and thermal habitat for frag-
mented populations of native trout. Global Change Biol. 19: 1383–1398. doi:
10.1111/gcb.12136.

Rosenberger, A.E., Dunham, J.B., Buffington, J.M., and Wipfli, M.S. 2011. Persis-
tent effects of wildfire and debris flows on the invertebrate prey base of
rainbow trout in Idaho streams. Northwest Sci. 85(1): 55–63. doi:10.3955/046.
085.0105.

Safeeq, M., Grant, G.E., Lewis, S.L., and Tague, C.L. 2013. Coupling snowpack and
groundwater dynamics to interpret historical streamflow trends in the west-
ern United States. Hydrol. Processes, 27(5): 655–668. doi:10.1002/hyp.9628.

Scheller, R.M., Domingo, J.B., Sturtevant, B.R., Williams, J.S., Rudy, A.,
Gustafson, E.J., and Mladenoff, D.J. 2007. Design, development, and applica-
tion of LANDIS-II, a spatial landscape simulation model with flexible tempo-
ral and spatial resolution. Ecol. Model. 201(3–4): 409–419. doi:10.1016/j.
ecolmodel.2006.10.009.

Selong, J.H., McMahon, T.E., Zale, A.V., and Barrows, F.T. 2001. Effect of temper-
ature on growth and survival of bull trout, with application of an improved
method for determining thermal tolerance in fishes. Trans. Am. Fish. Soc.
130(6): 1026–1037. doi:10.1577/1548-8659(2001)130<1026:EOTOGA>2.0.CO;2.

Sestrich, C., McMahon, T., and Young, M. 2010. Influence of fire on native and
nonnative salmonid populations and habitat in a western Montana basin.
Trans. Am. Fish. Soc. 140(1): 136–146.

Stauffer, D., and Aharony, A. 1991. Introduction to percolation theory. Taylor
and Francis, London.

Stewart, I.T., Cayan, D.R., and Dettinger, M.D. 2005. Changes toward earlier
streamflow timing across western North America. J. Clim. 18: 1136–1155.
doi:10.1175/JCLI3321.1.

StreamNet GIS Data. 2012. Metadata for the 2004 USFWS Bull Trout Status
Reassessment: Washington Department of Fish and Wildlife: StreamNet [on-
line]. Available from http://www.streamnet.org/online-data/GISData.html.

Falke et al. 317

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
O

re
go

n 
St

at
e 

U
ni

ve
rs

ity
 o

n 
03

/1
0/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://dx.doi.org/10.1890/09-0822.1
http://www.ncbi.nlm.nih.gov/pubmed/20666254
http://dx.doi.org/10.1577/1548-8659(1999)128%3C0222%3AWHCCIS%3E2.0.CO;2
http://dx.doi.org/10.1577/1548-8659(1999)128%3C0222%3AWHCCIS%3E2.0.CO;2
http://dx.doi.org/10.1577/1548-8659(2002)131%3C0312%3AMGMIHB%3E2.0.CO;2
http://dx.doi.org/10.1577/1548-8659(2002)131%3C0312%3AMGMIHB%3E2.0.CO;2
http://dx.doi.org/10.1016/j.foreco.2007.08.013
http://dx.doi.org/10.1016/j.foreco.2007.08.013
http://dx.doi.org/10.1046/j.1523-1739.1993.740856.x
http://dx.doi.org/10.1890/07-1183.1
http://dx.doi.org/10.1890/ES11-00114.1
http://dx.doi.org/10.1016/j.foreco.2012.06.049
http://dx.doi.org/10.1111/j.1442-9993.2008.01851.x
http://dx.doi.org/10.1071/WF09132
http://dx.doi.org/10.1139/x06-135
http://dx.doi.org/10.1139/x06-135
http://dx.doi.org/10.1111/j.1523-1739.2004.00492.x
http://dx.doi.org/10.1111/j.1523-1739.2004.00492.x
http://dx.doi.org/10.1016/S0378-1127(03)00057-4
http://dx.doi.org/10.1016/S0378-1127(03)00057-4
http://dx.doi.org/10.1016/S0378-1127(03)00059-8
http://dx.doi.org/10.1111/j.1752-1688.2005.tb03772.x
http://dx.doi.org/10.1046/j.1365-294X.2001.01269.x
http://www.ncbi.nlm.nih.gov/pubmed/11380874
http://dx.doi.org/10.1080/02755947.2011.647252
http://dx.doi.org/10.1080/02755947.2011.647252
http://dx.doi.org/10.1577/T08-162.1
http://dx.doi.org/10.1016/j.foreco.2011.05.004
http://dx.doi.org/10.1139/f07-184
http://dx.doi.org/10.1080/03632415.2013.769157
http://dx.doi.org/10.1577/T02-109
http://dx.doi.org/10.1577/T02-109
http://dx.doi.org/10.1577/1548-8659(1995)124%3C0285%3AOOBTIN%3E2.3.CO;2
http://dx.doi.org/10.1007/s002679910034
http://dx.doi.org/10.1007/s002679910034
http://www.ncbi.nlm.nih.gov/pubmed/10667948
http://dx.doi.org/10.1016/S0378-1127(01)00453-4
http://dx.doi.org/10.1016/S0378-1127(01)00453-4
http://dx.doi.org/10.1016/S0378-1127(03)00062-8
http://dx.doi.org/10.1016/S0378-1127(03)00062-8
http://dx.doi.org/10.1577/T07-028.1
http://dx.doi.org/10.1525/bio.2010.60.6.10
http://dx.doi.org/10.1111/gcb.12136
http://dx.doi.org/10.3955/046.085.0105
http://dx.doi.org/10.3955/046.085.0105
http://dx.doi.org/10.1002/hyp.9628
http://dx.doi.org/10.1016/j.ecolmodel.2006.10.009
http://dx.doi.org/10.1016/j.ecolmodel.2006.10.009
http://dx.doi.org/10.1577/1548-8659(2001)130%3C1026%3AEOTOGA%3E2.0.CO;2
http://dx.doi.org/10.1175/JCLI3321.1
http://www.streamnet.org/online-data/GISData.html


Theobald, D.M., Norman, J.B., Peterson, E., Ferraz, S., Wade, A., and Sherburne, M.
2006. Functional Linkage of Water basins and Streams (FLoWS) v1 user’s
guide: ArcGIS tools for Network-based analysis of freshwater ecosystems
[online]. Natural Resource Ecology Lab, Colorado State University, Fort Col-
lins, Colo. Available from http://www.nrel.colostate.edu/projects/starmap/
flows_index.htm.

Thomas, C.D. 2011. Translocation of species, climate change, and the end of
trying to recreate past ecological communities. Trends Ecol. Evol. 26(5): 216–
221. doi:10.1016/j.tree.2011.02.006. PMID:21411178.

Townsley, J., Gaines, B., Hadfield, J., Harrod, R., Mehmel, C., and Leyda, E. 2004.
Forest health assessment: Okanogan and Wenatchee National Forests.
United States Department of Agriculture, Forest Service, Pacific Northwest
Research Station.

US Fish and Wildlife Service. 2008. US Fish and Wildlife Service bull trout
(Salvelinus confluentus) 5-year review: summary and evaluation. US Fish and
Wildlife Service, Portland, Ore.

Wenger, S.J., Luce, C.H., Hamlet, A.F., Isaak, D.J., and Neville, H.M. 2010. Mac-
roscale hydrologic modeling of ecologically relevant flow metrics. Water
Resour. Res. 46(9): W09513. doi:10.1029/2009WR008839.

Wenger, S.J., Isaak, D.J., Dunham, J.B., Fausch, K.D., Luce, C.H., Neville, H.M.,
Rieman, B.E., Young, M.K., Nagel, D.E., Horan, D.L., and Chandler, G.L. 2011a.

Role of climate and invasive species in structuring trout distributions in the
interior Columbia River Basin, USA. Can. J. Fish. Aquat. Sci. 68(6): 988–1008.
doi:10.1139/f2011-034.

Wenger, S.J., Isaak, D.J., Luce, C.H., Neville, H.M., Fausch, K.D., Dunham, J.B.,
Dauwalter, D.C., Young, M.K., Elsner, M.M., Rieman, B.E., Hamlet, A.F., and
Williams, J.E. 2011b. Flow regime, temperature, and biotic interactions drive
differential declines of trout species under climate change. Proc. Natl. Acad.
Sci. U.S.A. 108(34): 14175–14180. doi:10.1073/pnas.1103097108. PMID:21844354.

Wenger, S.J., Som, N.A., Dauwalter, D.C., Isaak, D.J., Neville, H.M., Luce, C.H.,
Dunham, J.B., Young, M.K., Fausch, K.D., and Rieman, B.E. 2013. Probabilistic
accounting of uncertainty in forecasts of species distributions under climate
change. Global Change Biol. 19(11): 3343–3354. doi:10.1111/gcb.12294.

Westerling, A.L., Hidalgo, H.G., Cayan, D.R., and Swetnam, T.W. 2006. Warming
and earlier spring increase western U.S. forest wildfire activity. Science, 313:
940–943. doi:10.1126/science.1128834.

Wiken, E., Jiménez Nava, F., and Griffith, G. 2011. North American Terrestrial
Ecoregions—Level III. Commission for Environmental Cooperation, Mon-
tréal, Canada.

Wondzell, S.M., and King, J.G. 2003. Postfire erosional processes in the Pacific
Northwest and Rocky Mountain regions. For. Ecol. Manage. 178(1–2): 75–87.
doi:10.1016/S0378-1127(03)00054-9.

318 Can. J. Fish. Aquat. Sci. Vol. 72, 2015

Published by NRC Research Press

C
an

. J
. F

is
h.

 A
qu

at
. S

ci
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
O

re
go

n 
St

at
e 

U
ni

ve
rs

ity
 o

n 
03

/1
0/

15
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 

http://www.nrel.colostate.edu/projects/starmap/flows_index.htm
http://www.nrel.colostate.edu/projects/starmap/flows_index.htm
http://dx.doi.org/10.1016/j.tree.2011.02.006
http://www.ncbi.nlm.nih.gov/pubmed/21411178
http://dx.doi.org/10.1029/2009WR008839
http://dx.doi.org/10.1139/f2011-034
http://dx.doi.org/10.1073/pnas.1103097108
http://www.ncbi.nlm.nih.gov/pubmed/21844354
http://dx.doi.org/10.1111/gcb.12294
http://dx.doi.org/10.1126/science.1128834
http://dx.doi.org/10.1016/S0378-1127(03)00054-9

	Article
	Introduction
	Materials and methods
	Study area
	Model of bull trout vulnerability
	Model setting
	Stream network
	Habitat patch delineation
	Wildfire likelihood and severity
	Stream temperature

	Vulnerability of bull trout
	Habitat suitability
	Local effects of wildfires
	Connectivity
	Patch size
	Vulnerability

	Modeled scenarios
	Model sensitivity

	Results
	Status quo (SQ) scenario
	Habitat suitability
	Local effects of wildfire
	Recolonization potential
	Patch size
	Vulnerability and uncertainty

	Climate change scenarios
	Sensitivity analysis

	Discussion

	Acknowledgements
	References


<<
	/CompressObjects /Off
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 300
	/DoThumbnails false
	/ColorConversionStrategy /LeaveColorUnchanged
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages true
	/AutoRotatePages /PageByPage
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 99
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 1200
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.3
	/MonoImageResolution 600
	/NeverEmbed [
		/Arial-Black
		/Arial-BlackItalic
		/Arial-BoldItalicMT
		/Arial-BoldMT
		/Arial-ItalicMT
		/ArialMT
		/ArialNarrow
		/ArialNarrow-Bold
		/ArialNarrow-BoldItalic
		/ArialNarrow-Italic
		/ArialUnicodeMS
		/CenturyGothic
		/CenturyGothic-Bold
		/CenturyGothic-BoldItalic
		/CenturyGothic-Italic
		/CourierNewPS-BoldItalicMT
		/CourierNewPS-BoldMT
		/CourierNewPS-ItalicMT
		/CourierNewPSMT
		/Georgia
		/Georgia-Bold
		/Georgia-BoldItalic
		/Georgia-Italic
		/Impact
		/LucidaConsole
		/Tahoma
		/Tahoma-Bold
		/TimesNewRomanMT-ExtraBold
		/TimesNewRomanPS-BoldItalicMT
		/TimesNewRomanPS-BoldMT
		/TimesNewRomanPS-ItalicMT
		/TimesNewRomanPSMT
		/Trebuchet-BoldItalic
		/TrebuchetMS
		/TrebuchetMS-Bold
		/TrebuchetMS-Italic
		/Verdana
		/Verdana-Bold
		/Verdana-BoldItalic
		/Verdana-Italic
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Average
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Average
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 300
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.0
	/GrayImageDownsampleThreshold 1.0
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 0
	/PreserveOverprintSettings false
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.0
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Average
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/DAN <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/ESP <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /RelativeColorimeteric
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.15
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice




