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Abstract.—A warming climate could profoundly affect the distribution and abundance of many fishes. Bull

trout Salvelinus confluentus may be especially vulnerable to climate change given that spawning and early

rearing are constrained by cold water temperatures creating a patchwork of natal headwater habitats across

river networks. Because the size and connectivity of patches also appear to influence the persistence of local

populations, climate warming could lead to increasing fragmentation of remaining habitats and accelerated

decline of this species. We modeled the relationships between (1) the lower elevation limits of small bull trout

and mean annual air temperature and (2) latitude and longitude across the species’ potential range within the

interior Columbia River basin of the USA. We used our results to explore the implications of the climate

warming expected in the next 50 or more years. We found a strong association between the lower elevation

limits of bull trout distributions and longitude and latitude; this association was consistent with the patterns in

mean annual air temperature. We concluded that climate does strongly influence regional and local bull trout

distributions, and we estimated bull trout habitat response to a range of predicted climate warming effects.

Warming over the range predicted could result in losses of 18–92% of thermally suitable natal habitat area and

27–99% of large (.10,000-ha) habitat patches, which suggests that population impacts may be

disproportionate to the simple loss of habitat area. The predicted changes were not uniform across the

species’ range, and some populations appear to face higher risks than others. These results could provide a

foundation for regional prioritization in conservation management, although more detailed models are needed

to prioritize actions at local scales.

Distribution shifts in many species (Parmesan and

Yohe 2003; Root et al. 2003) and environmental trends

consistent with broad-scale warming (Mote et al.

2005a; Stewart et al. 2005; Westerling et al. 2006;

Hamlet and Lettenmaier 2007) show that climate

change is no longer an abstraction. Official statistics

compiled by the Intergovernmental Panel on Climate

Change (IPCC) suggest these trends were associated

with a 0.68C warming during the 20th century (IPCC

2007). Predictions of future global climates suggest

larger and faster changes, and current models project a

minimum warming of 18C in mean annual or seasonal

air temperatures over the next 50 years and possibly a

68C increase in 100 years (Boer et al. 1992; Kerr 1997;

IPCC 2007). Similar scenarios hold for predictions

downscaled to the Columbia River basin, where

models project warming of 1–2.58C or more by 2050

(Leung et al. 2004; Mote et al. 2005b).

A warming climate can have important effects on the

regional distribution and local extent of habitats

available to salmonids (Meisner 1990; Keleher and

Rahel 1996; Nakano et al. 1996; Rahel et al. 1996) and

other fishes (Shuter and Meisner 1992; Eaton and

Scheller 1996) because local climates influence surface

water (Stephan and Preud’homme 1993; Stoneman and

Jones 1996; Mohseni and Stefan 1999) and ground-

water temperatures (Meisner 1990; Shuter and Meisner

1992). For coldwater fishes near the southern margins
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of their range and areas with substantial elevational

relief (and thus gradients in local climate), warming

could restrict distributions to smaller and more isolated

fragments of suitable habitat (Flebbe 1993; Nakano et

al. 1996; Rahel et al. 1996). Several studies have

evaluated the potential effects of climate warming on

salmonids over broad geographic regions (.105 km2;

Meisner 1990; Eaton and Scheller 1996; Keleher and

Rahel 1996; Nakano et al. 1996; Flebbe et al. 2006;

Hari et al. 2006). However, only Flebbe et al. (2006)

considered both habitat area lost and habitat fragmen-

tation at this scale, and their analysis did not resolve

fragmentation at the level of individual stream

networks or local populations.

Bull trout Salvelinus confluentus within the Colum-

bia and Klamath River basins of the USA are a

relatively recent and controversial addition to the list of

species protected under the Endangered Species Act.

Bull trout remain widely distributed throughout their

potential range, but local extinctions, population

declines, and habitat loss are apparent (Rieman et al.

1997). Precise estimation of actual losses is restricted

by lack of distribution data on pre–Euro-American

influence as well as of broad-scale models of suitable

habitat (Rieman et al. 1997).

The optimal temperatures for bull trout appear to be

substantially lower than those for other salmonids

(Selong et al. 2001). Within-stream distributions of

juvenile bull trout have been strongly associated with

elevation and temperature (Dunham and Rieman 1999;

Paul and Post 2001; Dunham et al. 2003). Although

bull trout may move extensively and subadult or adult

individuals have been observed throughout larger river

basins (Rieman et al. 1997; Swanberg 1997; Muhlfeld

and Marotz 2005), juveniles and resident individuals

typically live in natal or associated tributary habitats for

several years (Pratt 1992; Rieman and McIntyre 1995;

Downs et al. 2006). The observed patterns lead us to

conclude that spawning and initial rearing areas are

constrained by temperature and define the spatial

structuring of local populations or habitat ‘‘patches’’

across larger river basins (Rieman and McIntyre 1995;

Dunham et al. 2002). Habitat patches in this sense

represent networks of thermally suitable habitat that

may lie in adjacent watersheds and are disconnected (or

fragmented) by intervening stream segments of sea-

sonally unsuitable habitat or by actual physical barriers.

Changes in habitat patch size and distribution are

expected to have important effects on the persistence

and dynamics of many species through the combined

effects on population size, connectivity, and dispersal

opportunities (Hanski and Simberloff 1997; Isaak et al.

2007). Rieman and McIntyre (1995) and Dunham and

Rieman (1999) found that occurrence of bull trout

populations was strongly associated with size and

isolation of habitat patches (as defined here). Similar

results have been observed for other chars (Morita and

Yamamoto 2002; Koizumi and Maekawa 2004), and

Isaak et al. (2007) showed that the size and isolation of

spawning patches may be even more important than

local habitat quality for the persistence of Chinook

salmon Oncorhynchus tshawytscha. Warming associ-

ated with climate change would presumably lead to

smaller and more isolated habitat patches for bull trout.

It also could lead to loss of populations (i.e., local

extinctions) that is disproportionate or accelerated

relative to the simple loss of watershed area. Addi-

tionally, because bull trout are distributed across a

broad range of environments and landforms of varied

relief, the effects of climate change may be more

pronounced in some regions than others.

In this paper we summarize the available informa-

tion on bull trout distributions in individual streams and

on mean annual air temperatures across the interior

Columbia River basin within the USA (hereafter

referred to as ‘‘the basin’’; Figure 1). We used these

data to examine evidence for a link between climate

and bull trout distributions and then estimated current

and potential future distributions of spawning and

initial rearing habitats for the range of expected

temperature increases. To consider whether the frag-

mentation of thermally suitable habitats implies risk for

populations greater than that expected from loss of

habitat area alone, we estimated both total area and size

frequency distributions for habitat patches using digital

elevation models (DEMs) and a geographical informa-

tion system (GIS). We were especially interested in

differential effects of climate warming among subre-

gions and subbasins. Accordingly, we assigned a

measure of risk associated with three levels of warming

and then evaluated relative changes across subbasins.

Understanding of the distribution of habitat suitable for

bull trout and relative risks posed by climate change

across the species’ range could help prioritization of

limited resources for conservation management and

research (Peters and Darling 1985; Allendorf et al.

1997; Mattson and Angermeier 2007)

Methods

The general approaches used to predict the distribu-

tion of fishes in relation to climate and temperature

patterns are varied (e.g., Meisner 1990; Keleher and

Rahel 1996; Nakano et al. 1996; Flebbe et al. 2006).

We regressed the lower elevation limit of fish

occurrence against latitude and longitude, which was

expected to reflect climate driven patterns in habitat

use. We then modified the predicted distribution based

on potential effects of warming. We chose this
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approach rather than directly modeling stream temper-

ature and a presumed critical thermal limit because

extensive data on fish distributions were available and

we did not have the stream-scale environmental detail

necessary to estimate stream temperatures directly. The

influence of climate also could vary across the species’

range because of interaction with other aspects of the

environment (Rieman et al. 2006), and our approach

allowed quantification of uncertainty in the estimates

associated with these effects.

Our approach can be outlined in five general steps:

(1) we summarized site-level observations of small bull

trout (,150 mm) to identify the lower elevation limits

of natal habitats across the basin; (2) we summarized

the mean annual air temperatures for weather stations

across the same area; (3) we regressed each set of

observations against longitude and latitude (and

elevation in the case of temperature) and compared

the coefficients in the two regression models to assess

whether climate could explain bull trout distributions;

(4) we used a GIS to map the area and size distributions

of thermally suitable habitat patches based on the

predicted distribution limits; and (5) we used the GIS to

explore changes in the distributions, area, and number

of suitable habitat patches by elevating lower distribu-

tion limits by three levels of warming that bounded the

range of recent predictions. We constrained our

analysis to the potential range of bull trout in the

basin, following Rieman et al. (1997). We considered

suitable patches to be the area of a watershed above the

predicted lower distribution limit of small bull trout

because these individuals are strongly associated with

natal habitat and a clear thermal gradient (Dunham and

Rieman 1999; Dunham et al. 2003). The details of each

step follow below.

Bull trout distribution.—We summarized observa-

tions of the occurrence of bull trout and brook trout

Salvelinus fontinalis (an invading species that may

displace bull trout) within streams sampled at multiple

sites along an elevation gradient throughout the basin

FIGURE 1.—Map of the interior Columbia River basin, showing the subregions (numbered and named after the dominant river)

used for predicting bull trout habitat under current and future climates. The locations of air temperature stations (times signs) and

of observations of lower elevation limits (circles) are also shown.
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(Figure 1). We obtained these observations directly

from biologists responsible for fish inventory or

monitoring and from published or archived data sets

with clearly defined and controlled sampling methods

(Platts 1974, 1979; Mauser 1986; Hoelscher and

Bjornn 1988; Mauser et al. 1988; Clancy 1993; Adams

1994; Dambacher and Jones 1997; Dunham et al.

2003). We screened only those streams that contained

bull trout smaller than 150 mm fork length (with the

exception of one data set in which the closest recorded

size break was 170 mm), streams with at least five

sample sites distributed across 500 m of elevation, and

sites represented by at least 45 m of sampled stream.

For one data set we combined into single sites groups

of three 15-m-long sites that were within 60 m of

elevation of each other. Elevations were recorded for

the midpoint of sites from 1:24,000 scale U.S.

Geological Survey (USGS) topographic maps.

From the initial screening we selected for analysis

only those streams in which there were at least two

sites without small bull trout below the site with the

lowest bull trout observation and at least two sites with

small bull trout above that site. We restricted our

sample rather than using the larger set of all lowest

observations (i.e., bounded or not) because the

appropriate model for the latter would require bound-

ary or quantile regression (e.g., Flebbe et al. 2006),

essentially forcing the model through the extreme

observations. We believe the lower bounds of bull trout

distributions among streams vary in response to

temperature and its interaction with other environmen-

tal conditions, such as the presence of brook trout

(Rieman et al. 2006). We assumed that changes in

temperature associated with climate could displace

other effects (e.g., brook trout would move up in

elevation as well) or that similar effects at higher

elevation would contribute to similar variability in the

lower bound. As a result, regression through the

extreme observations would produce an overly opti-

mistic average (i.e., fish at lower elevations) of bull

trout habitat use.

Mean annual air temperature.—We used ‘‘30-year

normals’’ (i.e., averages of the mean annual air

temperature for a 30-year period) from the period

1961 to 1990 to examine the regional spatial pattern in

climate. We obtained records for 191 permanent

weather stations distributed throughout the basin

(Figure 1) from the 1993, 1994, or 1996 NOAA

climatological data summaries for each state (e.g.,

NOAA 1993). We then determined 30-year normals by

taking the mean annual air temperature at a station in a

given year and substracting the ‘‘departure from

normal’’ reported for that year and station. We used

the normals for 1961–1990 to derive estimates

appropriate for the period of bull trout sampling and

to encompass any decadal variation in climate that

might obscure regional patterns observed over shorter

periods. All but three of our bull trout distribution

observations were from data gathered between 1972

and 1996. The last three observations were from 1999

to 2001. Although we recognized that warming

probably occurred over this time (e.g., Hari et al.

2006), we assumed that it had not substantively altered

regional patterns and a general association of air

temperature with elevation required by our analysis.

We chose mean annual air temperature as the

simplest measure of climate and its potential effects

on the species’ distribution. We used the annual mean

rather than summer mean because we were uncertain

what characteristics of a temperature regime actually

influence bull trout. Moreover, groundwater tempera-

ture is generally correlated with mean annual air

temperature (Meisner 1990; Flebbe 1993; Nakano et al.

1996), has been strongly associated with the distribu-

tions of other chars (Meisner 1990; Flebbe 1993;

Nakano et al. 1996), and has been shown to influence

the survival of embryos and early juvenile growth of

bull trout (McPhail and Murray 1979; Baxter 1997).

Air temperatures are correlated with stream surface

water temperatures (Rahel et al. 1996; BER unpub-

lished data), which have been associated with juvenile

bull trout distributions (Dunham et al. 2003) as well.

Regression models.—We used multiple linear re-

gression to model the lower elevation limit of bull trout

as a function of latitude and longitude (both in decimal

degrees). Because brook trout may displace bull trout

to higher elevations (Rieman et al. 2006), the presence

or absence of brook trout also was evaluated as a

categorical predictor. Although first-order interactions

were assessed, they were not significant and were

excluded from further consideration. Regression pa-

rameters were estimated using standard techniques that

assumed spatial independence among residuals and

were compared with estimates derived from spatial

autoregressive techniques (Cressie 1993). Unbiased

parameter estimates were obtained using restricted

maximum likelihood procedures in the MIXED

procedure in SAS (Littell et al. 1996). If residual

errors were spatially correlated, the autoregressive

models would provide the most accurate parameter

estimates (Cressie 1993). Comparisons between aspa-

tial and spatial models were made using likelihood

ratio tests (Littell et al. 1996).

Diagnostic tests of regression residuals suggested no

need for data transformations. Standardized residuals

indicated four outlying observations (.2 SD), which

were examined, found to be valid, and retained in the

analysis. Cook’s distance and DFFIT statistics indicat-
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ed these observations did not strongly affect parameter

estimates. Variance inflation factors less than 3

suggested that correlations among predictors did not

artificially inflate standard error estimates.

Regression models for mean annual air temperature

were developed using the same approach as for bull

trout distribution limits. Mean annual air temperature

was regressed against elevation, latitude, longitude, and

first-order interactions. Residuals were normally distrib-

uted but were slightly heteroscedastic. A log transfor-

mation of air temperatures exacerbated the problem, so

we proceeded with untransformed data. Standardized

residuals indicated six outliers, but no observation

strongly affected parameter estimates. Variance inflation

factors indicated no problems with multicollinearity.

Geographical information system analysis.—We

used a raster-based DEM along with rasterized latitude

and longitude coordinates and our regression models to

map potential bull trout habitat across the basin. The

DEM data were originally referenced to the geographic

coordinate system with a cell size of 3 arc seconds and

were transformed to the Albers equal-area coordinate

system with a spatial resolution of 90 m. Latitude and

longitude coordinates were assigned to each cell in the

raster with the same approximate spatial resolution and

then input into the bull trout regression equation, along

with the DEM data, to characterize each cell as at,

above, or below the lower limit of predicted habitat.

We converted the raster data to vector format so that

cells at the predicted lower limits were delineated by an

isopleth. The lower limit was then adjusted upward to

create isopleths reflecting an upward shift in elevation

with anticipated warming (see below).

We derived stream lines for the basin from the DEM

using TauDEM software (Tarboton 1997). We clipped

the DEM into 78 USGS fourth-level hydrologic unit

codes (HUCs) or subbasins to reduce the data volume

of the resultant GIS stream layers. TauDEM was run

for every individual HUC to derive stream lines. We

used these synthetic stream lines in the analysis

because they are spatially coregistered to the DEM

and because TauDEM generates a contributing area

attribute for the watershed of each stream segment. The

digital stream lines were overlain with each isopleth to

delineate potential bull trout habitats. We identified

watersheds that fell above the isopleth as thermally

suitable habitat patches and recorded the area and

number of patches.

Distributions and potential climate effects.—We

estimated the potential effects of climate warming by

manipulating the elevation limits of fish distributions

over a range bounding the predicted effects of warming

in the next 50 or more years. We used the regression

models and patch derivation procedure to develop the

recent or base habitat condition and three predictions of

suitable area and patch size frequency distributions. For

the base condition, we summarized results based on the

bull trout lower-limit regression model. We assumed

that as warming occurs, the lower limits of bull trout

will move up in elevation by an amount equivalent to

the mean lapse rate of air temperature (average change

in temperature for a unit change in elevation) estimated

from the temperature regressions. We then estimated

new patch areas and numbers as above. We assumed

that warming would not alter upper bounds of bull trout

distributions because there have been no clear lower

thermal limits (upper elevation limits) associated with

bull trout distributions, and small stream size appears to

be the more important upper constraint in headwater

streams (Dunham and Rieman 1999).

We estimated the total area of patches and the

number of patches of selected sizes. We summarized

predictions across the 78 subbasins and within 20

USGS third-level HUCs to reduce the complexity of

the subbasin pattern. The third-level HUCs are

formally known as basins, but we refer to these as

‘‘subregions’’ to avoid confusing our ‘‘subbasin’’ and

‘‘basin’’ definitions.

To visualize the patterns and anticipated risks of

climate change across the basin, we summarized patch

sizes for each subbasin. Based on analyses of bull trout

occurrence and patch size in the Boise River basin,

Idaho (Rieman and McIntyre 1995; Dunham and

Rieman 1999), we assumed that large patches

(.10,000 ha) would support local populations large

enough to have a high probability of persistence and

that small patches (,5,000 ha) would face a substan-

tially higher probability of local extinction. Multiple

local populations can help ensure the persistence of a

larger metapopulation (Hanski and Simberloff 1997),

and current guidance for bull trout recovery planning

suggests five or more local populations of modest size

will be necessary to ensure persistence of the species in

most of the larger core areas used for planning and

management (W. Fredenberg, U.S. Fish and Wildlife

Service, personal communication). Core areas are

generally consistent with our subbasins. We defined

subbasins having no medium (5,000–10,000 ha) or

large habitat patches as high risk. Subbasins having

five or more medium–large patches or two or more

large patches were designated as low risk. Subbasins

with an intermediate number of patches were consid-

ered at moderate risk.

Results
Regression Models

Bull trout.—From an initial collection of 292

streams with bull trout, 76 (Figure 1) were retained
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for analysis based on our constraints defining the lower

elevation limit. Brook trout occurred in 29 of these

streams. Spatial autoregressive models for lower

elevation limits performed better than traditional

regression models, as indicated by the likelihood ratio

tests and smaller residual errors (Table 1). Except for

the brook trout effect, spatial models produced similar

parameter estimates to aspatial models. Standard errors

were usually larger in the spatial models, however,

which indicated spatial redundancy in the data that

aspatial models ignored. Models including a brook

trout effect performed best, but this effect was

relatively small (;50 m) and not statistically signif-

icant. Because brook trout status was unknown for

much of the potential distribution of bull trout across

the basin, we chose the simpler spatial model (no

brook trout) for consideration of potential climate

effects. Latitude and longitude were significant

predictors in all models and accounted for most of

the variation in bull trout lower elevation limits (R2 ’

0.75). We found a strong decline in the predicted lower

limit elevation from south to north (191 m for every 18

change in latitude; Figure 2) and a more moderate

decline from east to west (74 m for every 18 change in

longitude).

Mean annual air temperature.—As with the bull

trout models, a spatial autoregressive air temperature

model performed better than the aspatial model (Table

2). Parameter estimates changed 5–15% in the spatial

model, but standard errors were much larger (24–

123%), which indicated considerable spatial redundan-

cy not captured by the aspatial model. Elevation,

latitude, and longitude all were significant predictors of

mean annual air temperature and accounted for most of

the variation (R2 ¼ 0.89).

Temperature model coefficients indicated south–

north and east–west gradients that were consistent with

the anticipated patterns of climate variation for the

region (Mitchell 1976) and with the bull trout

distribution (the predicted elevation change for a

constant temperature and a 18 change in latitude was

138 m; that for a 18 change in longitude was 88 m). We

inferred that climate provides a plausible explanation

for bull trout distributions and used the temperature

model to predict the changes in elevation that could

result from climate warming. By rearranging the

temperature model (Table 2) to predict elevation

change from temperature change and assuming a

uniform shift in temperature with warming (Halpin

TABLE 1.—Regression models predicting the lower elevation limit of bull trout from 76 streams across the interior Columbia

River basin. The likelihood ratio test was used to compare the spatial and aspatial models based on differences in log likelihood.

Significantly smaller values (P , 0.001) for the spatial models suggest that the data have spatial variability (Littell et al. 1996).

Model Variablea Coefficient (SE)b R2 �2 log likelihood Residual error

Aspatial, no brook trout Intercept 17,913 (1500) 0.745 983 33,674
Latitude �192.24 (14.7)
Longitude 66.29 (12.1)

Spatial, no brook trout Intercept 18,693 (1760) 0.744 966 1,248
Latitude �190.80 (19.1)
Longitude 73.58 (13.9)

Aspatial, with brook trout Intercept 17,754 (1480) 0.757 970 32,546
Latitude �204.22 (15.8)
Longitude 60.54 (12.2)
Brook trout 90.74 (48.3)

Spatial, with brook trout Intercept 18,558 (1730) 0.753 955 1,549
Latitude �197.56 (19.4)
Longitude 69.95 (13.9)
Brook trout 49.56 (39.5)

a Latitude and longitude are in decimal degrees (longitude values are negative).
b All coefficients were statistically significant at a¼0.001, except for the brook trout effect (P¼0.06 in

the aspatial model, 0.22 in the spatial model).

FIGURE 2.—Elevation and latitude of the lower elevation

limits for bull trout in the Columbia River basin, by longitude:

�1138 to �1158 (open squares), �1158 to �1178 (filled

squares), �1178 to �1198 (times signs), and �1198 or higher

(circles).
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1997), we estimated that a 18C increase in temperature

equated to an increase in elevation of 161 m.

Accordingly, we used 100-m (;0.68C), 250-m

(;1.68C), and 800-m (;5.08C) elevation shifts to

bound the general predictions of climate warming and

estimate the effects on bull trout habitats as outlined

above.

Total Area and Patch Number

Estimates of the total suitable area with a 100-, 250-,

and 800-m rise in the distribution limits were about 82,

60, and 8%, respectively, of the area estimated for the

base condition (Figure 3). Relative changes in patch

area and number varied substantially across the

subregions (Figure 4). Relative loss of area was most

pronounced in the south-central part of the basin (i.e.,

subregions 7, 8, 9, 10, and 14), but the patterns did not

reflect a simple progression with warming or regional

gradients. Subregions 13 and 18, for example, appeared

to be more resistant to loss of area than other nearby

(i.e., south-central) subregions. Some subregions (e.g.,

5 and 18) lost relatively little area initially but

substantial area with more extreme warming, whereas

other subregions (e.g., 6) showed the reverse. In the

most extreme scenario, all but four subregions (3, 8, 5,

10) retained some suitable area, but only two (15 and

19) in the extreme northwestern part of the basin

retained more than 12% of the original area estimated

under current conditions.

Estimates of patch number produced changes similar

to but more dramatic than those for area. We predicted

that the total remaining number of large habitat patches

would be about 73% of the base number given an

elevation increase of 100 m, 36% for an increase of 250

m, and 0.6% for an increase of 800 m. For medium

patches, the numbers remaining were about 70% of the

base at 100 m, 40% at 250 m, and 0.9% at 800 m. Like

area, patch number varied across the basin (Figure 4).

In some cases the number of medium and large patches

changed little or even increased with the first steps in

the lower bound (e.g., patches 6, 15, 19), but that was a

result of even larger patches being fragmented into

multiple smaller ones (note the vertical axes are

truncated to one in Figure 4). The more general result

was a decline in number of medium or large patches

that was substantially more pronounced than the

decline in area (Figure 4). Risk, defined by absolute

number of medium or large patches, also varied

substantially across subbasins. Some subbasins, partic-

ularly in the south and central part of the basin, were

already at high risk in the base condition (Figure 5).

With limited or moderate warming, high and moderate

risk was extended throughout the southern and interior

part of the basin, although some refugia appeared to

remain in central Idaho and around the margins of the

basin to the north. Under the most extreme case,

anticipated risk was high through virtually the entire

basin.

Discussion

From our results and earlier work linking bull trout

distributions to thermal gradients, we conclude that

climate is, and will continue to be, an important factor

in the distribution of bull trout. Our results are

generally consistent with predictions for other chars

at mid latitudes (Meisner 1990; Flebbe 1994; Nakano

et al. 1996) and are also consistent with the view that

aquatic ecosystems are influenced by pattern and

processes across a hierarchy of scale (Fausch et al.

1994; Rabeni and Sowa 1996; Fausch et al. 2002). In

this case, climate is probably a primary constraint on

the distribution of bull trout through its effects on the

availability, distribution, and size of thermally suitable

habitats at both regional and landscape scales. Habitat

quality and interaction with other species such as brook

trout will have secondary influences at the scale of

individual stream reaches (Rieman et al. 2006).

Context, then, is important. Biologists working to

TABLE 2.—Regression models predicting the mean annual air temperature at 191 weather stations across the interior Columbia

River basin. The likelihood ratio test was used to compare the spatial and aspatial models based on differences in log likelihood.

A significantly smaller value (P , 0.001) for the spatial model suggests that the data have spatial variability (Littell et al. 1996).

Model Variablea Coefficient (SE)b R2 �2 log likelihood Residual error

Aspatial Intercept 60.184 (3.56) 0.892 465.9 0.584
Latitude �0.7548 (0.0353)
Longitude 0.1046 (0.0246)
Elevation �0.00596 (0.000176)

Spatial Intercept 67.062 (6.94) 0.888 437.9 0.366
Latitude �0.8618 (0.0786)
Longitude 0.1193 (0.0503)
Elevation �0.00625 (0.000218)

a Latitude and longitude are in decimal degrees (longitude values are negative); elevations are in

meters.
b All coefficients were statistically significant at a ¼ 0.05.
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understand local distributions or fish–habitat associa-

tions must consider both regional and local variation in

climate. Studies of bull trout across watersheds or

basins (e.g., Watson and Hillman 1997) that fail to

incorporate climate, its surrogates (latitude, elevation),

or direct effects (stream temperature) may be con-

founded by spurious correlations (Dunham and Vin-

yard 1997). For example, an apparent influence of

geomorphic conditions (gradient, confinement) or

habitat characteristics (stream size, substrate, habitat

unit frequency) might emerge because geomorphic

patterns also are correlated with elevation and thus with

local climate. Management and research directed

toward bull trout also will be more effective and

efficient if focused in areas most likely to support

existing or future populations. Biologists conducting

basic inventories, for example, might initiate their

surveys in habitats that encompass the estimated lower

limits of thermally suitable habitat. Where inventory is

lacking, risky management or expensive restoration

projects might be more carefully reviewed in water-

sheds predicted to support spawning and rearing

habitats.

Our results also support earlier observations (Rieman

and McIntyre 1995; Dunham et al. 2003) indicating

that the important patterns in bull trout distributions are

specific to life stages. Using the air temperature model

presented here, natal habitats for bull trout could be

approximated by mean annual air temperatures less

than 4–68C. Small fish distributions appear far more

restricted than those for older and larger fish that can

move throughout larger river basins with potentially

warmer waters (Rieman and McIntyre 1995; Swanberg

1997; Muhlfeld and Marotz 2005). Studies that simply

pool all life stages may hide important effects. Because

the extent of natal habitat can effectively delimit the

structure of local populations, evaluation of critical

habitat could be more effectively stratified by consid-

ering life-stage-specific patterns in habitat use. Our

prediction of habitat area currently suitable for small

bull trout (Figure 3), for example, appears to be only a

fraction of that mapped as suitable for salmonids in

general (see Figure 6 in Keleher and Rahel 1996).

Loss and fragmentation of habitats with warming has

important implications for bull trout conservation. We

estimated that loss of large habitat patches for bull trout

in the interior Columbia River basin would be more

pronounced than the simple loss of thermally suitable

area. Overall, our estimates of areal loss (18% to 92%)

were similar to the losses estimated with climate

warming for salmonids in general (Keleher and Rahel

1996; Rahel et al. 1996). In our analysis, however,

medium and large habitat patches were lost more

quickly than total habitat area. If populations restricted

FIGURE 3.—Thermally suitable natal habitat area for bull trout in the interior Columbia River basin under baseline (current)

conditions and assuming 100-, 250-, and 800-m increases in their lower elevation limits as a result of climate warming.
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to smaller or more isolated patches of habitat are more

vulnerable to local extinction (Dunham et al. 1997;

Dunham and Rieman 1999; Morita and Yamamoto

2002; Rich et al. 2003; Isaak et al. 2007) losses could

proceed more quickly than implied by the loss of

thermally suitable area alone. Even limited warming

may produce dramatic increases in the extirpation of

local populations of bull trout in some areas of the

interior Columbia River basin.

The predicted changes with any warming varied

substantially across the basin. Owing to both local land

form (i.e., topographic relief) and geographic location

within the climatic gradient of the region, it appears

that some bull trout populations face higher risks than

others. The relative differences in existing conditions

and predicted changes among subregions and subba-

sins could be important in development of conservation

priorities. For example, the Jarbidge River subbasin on

the Idaho–Nevada border, other tributaries to the Snake

River near the Oregon, Washington, and Idaho borders,

and those associated with the northeastern flank of the

Cascades in Oregon (west-central portion of the basin)

appear to be at high risk already. If they are to persist

with climate warming, aggressive measures in habitat

conservation or restoration may be needed. This

assumes, of course, that mitigation of existing habitat

problems could also mitigate the risks associated with

climate change.

As the resources for conservation management are

limited and not expected to expand dramatically in the

foreseeable future, effective prioritization will be

important. Our results suggest moderate to high risks

will extend across the basin with even modest

warming. Consideration of ecological and evolutionary

significance, as well as risk related to climate change,

could highlight areas as regional priorities (Allendorf et

al. 1997). For example, by virtue of their extended

isolation from other bull trout populations and location

on the extreme margins of the species’ range, both the

Jarbidge and Klamath subregions could represent

distinct and thus evolutionarily important populations

(Leary et al. 1993; Lesica and Allendorf 1995; Rieman

et al. 1997) worthy of extraordinary efforts.

Effectively weighting and acting on the risks

associated with climate and other anthropogenic

changes will be no simple task. In some cases different

FIGURE 4.—Predicted changes (proportions remaining) of thermally suitable area for bull trout in the interior Columbia River

basin (black bars) and the number of habitat patches (hatched bars) of (A) medium (5,000–10,000 ha) and (B) large size

(.10,000 ha), by subregion assuming 100-, 250-, and 800-m increases in the species’ lower elevation limits as a result of climate

warming. Note that the changes in area are the same in both (A) and (B). The bars for patch number proportions exceeding 1.0 as

a result of larger patch fragmentation were truncated.
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risks may increase confusion surrounding management

alternatives. In one view, to be most efficient and to

assure a core of healthy populations for the long term,

investment of limited conservation resources should be

focused on securing areas where there is a good chance

of success, not on those facing the highest risk.

Extensive investment may be pointless if climate

change is expected to eliminate most suitable habitat

(Halpin 1997). Alternatively, land use management and

habitat restoration in areas with already degraded

habitats may become critical if remnant populations

are to retain enough resilience to persist under the

challenges posed by even modest climate change.

Resolution of these issues will depend on the scale and

scope of management. Regional priorities might be

focused both by the potential for short-term loss of

ecological and evolutionary significance in marginal

populations and the potential for long-term persistence

in core habitats. Local priorities might be based on

short-term urgency implied by the interactions between

land use and climate change. Short-term habitat

conservation and restoration for bull trout could be

far more urgent in subregions of central Oregon or

southwestern Idaho, for example, than in areas less

vulnerable to change. Long-term goals may focus on

conserving, restoring, or even expanding high-quality

habitats in subbasins and patches that have the best

chance for persistence, especially if climate change

proceeds as quickly as some anticipate.

Our analysis has important limitations. We focused

only on potential habitat and did not consider other

factors that may limit bull trout in some areas. Indeed,

bull trout may already be gone or severely depressed in

regions that still appear to sustain suitable habitat and

even large patches. The regression models are limited

by the number and distribution of observations and

unexplained variation in the observations. The mean

error in the predicted lower elevation limit (142 m), for

example, was roughly equivalent to the anticipated

effect of a 18C warming (161 m increase in comparable

elevation). Clearly, local effects, including small-scale

variation in climate, linkages between air and water

temperatures, behavior, ecological interactions, evolu-

tionary history and potential, and sampling error and

bias may confound our results and predictions of both

current and future patterns. Although the influence of

brook trout was not clear in our analyses, more detailed

analyses do suggest that brook trout can displace bull

FIGURE 5.—Risk of bull trout extirpation according to the number of medium or large habitat patches remaining in individual

subbasins of the interior Columbia River basin assuming 100-, 250-, and 800-m increases in the lower elevation limits for this

species as a result of climate warming. Risk was considered high (no shading) if no medium or large patches remained, moderate

(gray shading) if one to four medium patches or one large patch remained, and low (black shading) if five or more medium–large

patches or two or more large patches remained.
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trout (Rich et al. 2003; Rieman et al. 2006). Future

warming might favor an expanding invasion of species

like brook trout that could exacerbate our predicted

losses and fragmentation of bull trout habitats. Climate

changes also are anticipated to be more complex than a

uniform, vertical displacement of mean annual iso-

therms (Halpin 1997). Climate may warm more in

some regions than others (Leung et al. 2004). Important

changes are likely to include seasonal and spatial

patterns in precipitation that will in turn influence

patterns of stream flow and flooding (Lettenmaier et al.

1992; Poff et al. 1996; Stewart et al. 2005; Knowles et

al. 2006). Winter floods that can dramatically influence

the dynamics of fall-spawning fishes (Seegrist and

Gard 1972) like bull trout may become more common

in some areas (Lettenmaier et al. 1992). Others predict

increased frequency or extent of wildfire (McKenzie et

al. 2004; Westerling et al. 2006) that can directly

remove riparian vegetation or catalyze severe channel

disturbances such as debris flows (Luce 2005). Given

the large component of a stream heat budget driven by

solar radiation (Johnson 2003), riparian disturbances

may exacerbate stream warming beyond the direct

climate effect. Conceivably, the combined effects of

shrinking patch size and increasing frequency or

magnitude of stream channel disturbance could even

accelerate the rate of local extinctions beyond that

driven by temperature alone.

Our work is clearly a first approximation of the

potential influence of regional climate patterns on the

distribution of bull trout habitat and the risks that

implies. Our intent was to look for broad patterns and

compare relative effects of habitat loss and fragmen-

tation. We conclude that the effects of climate change

will be important and vary substantially across the

basin. We acknowledge the uncertainty and limited

resolution of our analysis. These results can serve as a

basis for regional discussion and more detailed study.

They should not be extrapolated directly, however, for

management of bull trout populations or habitats within

individual subbasins without consideration of the local

effects such as habitat degradation, hydrology and

stream temperature, migration barriers, and nonnative

species.

Most climate models have limited resolution,

making application at the watershed and landscape

scales problematic. Finer resolution extrapolations that

incorporate local drivers such as topographic effects are

now being developed (Bartlein et al. 1997; Ferguson

1997; Leung et al. 2004), and whole climate regimes

(i.e., temperature, precipitation and their seasonal

timing) offer an approach for more complete analyses

(Halpin 1997). Detailed studies of individual stream

networks and watersheds should provide better resolu-

tion of the local climatic, hydrologic (e.g., Lettenmaier

et al. 1992), and ecological processes likely to

influence the distribution and persistence of bull trout

at this scale and identify the sources of variability

underlying the uncertainty of general predictions.

Replication of existing data sets and representative

sampling based on probabilistic designs could help

resolve the rate of change that may already be

occurring and the accuracy of further predictions.

In the interim, efforts to study, conserve, and restore

bull trout populations and habitats will proceed based

on existing information, resources, and agency com-

mitment. The capability to do that work effectively and

efficiently will depend on an ability to focus and

prioritize resources. Climate patterns should be an

important consideration in any analysis. Our results

indicate that climate is a first-order determinant of bull

trout distributions. From this, we also infer that climate

warming may lead to an important loss of bull trout

habitats and that the resulting fragmentation can lead to

local extinctions more quickly than anticipated from a

simple loss of thermally suitable watershed area.

Occurrence and persistence of bull trout will vary with

climate gradients and with landscape characteristics

likely to modify local climate, stream temperatures, and

the extent of thermally suitable habitats within and

among streams across the species’ range.
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