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Abstract
Anticipated increases in the frequency and severity of wildfire may threaten the persistence of native salmonid

populations in headwater streams in western North America. This study used extensive pre- and postfire data to assess
whether wildfire leads to hypothesized declines in native westslope cutthroat trout Oncorhynchus clarkii lewisi and
bull trout Salvelinus confluentus populations along with increases in the prevalence and abundance of nonnative brook
trout S. fontinalis. Postfire cutthroat trout density was negatively correlated with the proportion of basin area that
burned at moderate to high severity, but the declines in density after fires were less pronounced for bull trout and brook
trout. Recovery of cutthroat trout was generally rapid in severely affected reaches. Contrary to expectation, there
was no evidence of a marked increase in abundance or invasion by brook trout after wildfire. Brook trout exhibited
the most severe declines in debris flow–affected reaches among all species and exhibited less recovery in severely
burned reaches than did cutthroat trout. Increased stream temperature was the most significant habitat change that
followed wildfire, the mean maximum water temperature during summer months increasing by 2–6◦C in severely
burned reaches. In contrast, burned area percentage was unrelated to large woody debris density, the percentage
of surface fines, substrate diversity, or the percentage of pool habitat. The characteristically high variability in fish
and habitat responses to wildfire will continue to pose a challenge for the understanding and management of fire in
aquatic ecosystems.

Wildfires pose considerable risk to the persistence of na-
tive salmonid populations in western North America (Rieman
et al. 2003). High-severity, stand-replacing fires have increased
in frequency in recent decades (Westerling et al. 2006). Popu-
lations of native, nonanadromous salmonids confined to short
segments of headwater streams may be vulnerable to short-term
stressors during such fires, including temporary changes in wa-
ter temperature or chemistry (Hitt 2003; Spencer et al. 2003), as
well as debris flows and blackwater events associated with high-
intensity rainfall within the first few postfire years (Bozek and
Young 1994; Brown et al. 2001; Howell 2006). Fires can also
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lead to longer-term changes in stream characteristics that may
be detrimental to native fish populations. Fire-caused mortality
of overstory vegetation is associated with higher summer wa-
ter temperatures (Dunham et al. 2007), and streams in severely
burned basins often have reduced channel stability and com-
plexity but higher sediment loads, especially those influenced
by debris flows (Benda et al. 2003; Wondzell and King 2003).
Bull trout Salvelinus confluentus and westslope cutthroat trout
Oncorhynchus clarkii lewisi in the northwestern United States
appear sensitive to increases in water temperature and fine sed-
iment (Shepard 2004; Ripley et al. 2005; Rieman et al. 2007).
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TROUT RESPONSE TO FIRE 137

Moreover, fall-spawned bull trout embryos in unstable channels
may suffer increased mortality from substrate scouring associ-
ated with increased recruitment of transient bed sediment and
loss of in-channel large woody debris (LWD; Shellberg et al.
2010).

In addition, it has been hypothesized that wildfires can pro-
mote invasions by nonnative species if native fish populations
are reduced or habitats are altered in ways that favor nonnative
species (Dunham et al. 2003). Of particular concern in the Rocky
Mountains are nonnative brook trout S. fontinalis, which often
displace native cutthroat trout and bull trout in small streams
(Dunham et al. 2002; Rieman et al. 2006). Several studies have
shown that brook trout invasion and abundance are associated
with habitat changes that mirror those associated with wildfire
(Rich et al. 2003; Warren and Kraft 2003; Shepard 2004).

Yet the responses of native and nonnative fishes to fire are in-
consistent. Populations of native species often rebound rapidly
after fires or show few effects (Rieman and Clayton 1997; Dun-
ham et al. 2007), whereas in other cases local extirpation has
been observed (Brown et al. 2001). Nonnative fishes have also
shown variable responses, from rapid recovery to extirpation
(Novak and White 1989; Rinne 1996; Howell 2006). The effects
of fire on fish are further complicated by within-burn patchiness
in fire severity, the likelihood and extent of debris flows, recov-
ery times among habitat features, and species distribution and
abundance across land- and riverscapes (Gresswell 1999; Miller
et al. 2003; Rieman et al. 2003). In addition, because wildfires
are episodic and unpredictable, studies of fire effects on fishes
have generally relied on case studies of one or a few streams;
few have prefire data or data from unburned watersheds, thus
making it difficult to isolate fire effects from natural variation or
anthropogenic actions (McMahon and DeCalesta 1990; Gress-
well 1999). In this study, we used extensive pre- and postfire
data from burned and unburned watersheds in western Montana
to evaluate salmonid population and physical habitat responses
after several large wildfires. We tested the hypotheses that wild-
fire was related to declines in native westslope cutthroat trout
and bull trout populations and to increases in the prevalence and
abundance of nonnative brook trout.

STUDY AREA
The study area constituted 2,804 km2 of the upper Bitterroot

River basin in west-central Montana, which includes the Bitter-
root National Forest (BNF). Stream flows are snowmelt driven
and typically peak from mid-May to early June. The landscape
is dominated by stands of Douglas-fir Pseudotsuga menziesii,
Engelmann spruce Picea engelmannii, and lodgepole pine Pi-
nus contorta. Large wildfires in 2000 burned 1184 km2 in a
complex mosaic that varied in severity. Intense thunderstorms
in late July 2001 triggered flash floods and debris flows in sev-
eral burned drainages, resulting in substantial channel scouring,
high sediment inputs, and fish kills (BNF 2001).

Native fishes present in the study area were westslope
cutthroat trout, bull trout, mountain whitefish Prosopium
williamsoni, longnose sucker Catostomus catostomus, slimy
sculpin Cottus cognatus, and longnose dace Rhinichthys
cataractae. Nonnative fish species include brook trout, brown
trout Salmo trutta, and rainbow trout O. mykiss. Westslope cut-
throat trout were abundant in most Bitterroot River tributaries.
Bull trout were patchily distributed, primarily as isolated head-
water populations (Nelson et al. 2002; Rich et al. 2003). Brook
trout were present in most of the Bitterroot River tributaries that
also contained bull trout (Clancy 1993; Rich et al. 2003). Brown
trout and rainbow trout were largely confined to the main-stem
Bitterroot River and the lower reaches of large tributaries (Nel-
son et al. 2002).

METHODS
Study design.—We used data from 30 reaches (mean length =

263 m, range = 122–305 m; mean wetted width = 3.7 m, range
= 1.3–7.9 m) on 24 second- to fourth-order Bitterroot River
tributaries in basins that had burned to various extents in 2000
(Table 1). Reaches had 1–11 years of prefire fish abundance
estimates collected from 1985 to 1999; all had 2–3 years of
postfire abundance estimates (2001–2003). Burn severity (low,
moderate, or high) was determined using the visual classification
system developed by the U.S. Forest Service (USFS 1995) and
applied by BNF personnel in their postfire assessment (BNF
2001). Burn area for each drainage was determined from burn
severity maps with use of ArcView (ESRI 1995).

Field sampling.—Summertime (July–September) mark–
recapture electrofishing was used to determine salmonid abun-
dance, size structure, and species composition. Fish were
captured with a battery-powered backpack electrofisher emitting
a smooth DC waveform to minimize potential injury of the fish.
Most prefire and all postfire sampling consisted of one marking
run and one recapture run per study reach. During the marking
run, fish were identified to species, measured (total length, mm),
and given a fin clip. Recapture sampling was conducted 4–7 d
after the marking run to enable fish to redistribute throughout
the reach and to minimize differences in capture probability be-
tween sampling runs. Several estimates (∼25%) failed to meet
minimum sample sizes of captures or recaptures for unbiased
Petersen estimates (Robson and Regier 1964; Ricker 1975). Be-
cause correlations between modified Petersen estimates with at
least 10 recaptures and counts of unmarked fish at least 75 mm
in length captured in each reach (all fish captured during the
marking run plus all unmarked fish captured during the recap-
ture run) were large and significant for individual species (r =
0.83–0.91, P < 0.001), we opted to use counts for analyses of
density (which also generated results comparable to analyses of
modified Petersen estimates but with greater power because of
larger sample sizes; results not shown). Given that fish move-
ment was unrestricted between mark and recapture runs, we
regarded counts as positively biased. Six prefire counts were
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138 SESTRICH ET AL.

TABLE 1. Characteristics of study reaches in the southern Bitterroot River basin, Montana. Percentage burned refers to moderate to high-severity burns. Density
(number/100 m) refers to the range in counts of all unmarked salmonids captured in electrofishing runs before (1985–1999) and after (2001–2003) the 2000 fires;
the numbers in parentheses are the numbers of years sampled in each period. Location coordinates based on North American Datum 1983 (NAD83).

Density

Basin area Elevation Latitude Longitude
Stream (km2) % burned Pre fire Post fire (m) (N) (W)

Bertie Lord 22.1 1.1 33–48 (3) 18–39 (3) 1,530 45.911 113.787
Cameron 33.1 47.1 64–66 (2) 16–93 (3) 1,495 45.938 113.929
Chicken 27.0 42.9 6–50 (3) 1,554 45.599 114.327
Divide 48.3 24.9 37–50 (4) 48–63 (3) 1,621 46.064 113.968
Lairda 22.6 43.2 33–42 (2) 0–35 (3) 1,355 45.862 114.068
Little Blue Joint 12.5 50.6 23–124 (3) 1,530 45.689 114.344
Martin lower 50.4 2.8 32–59 (6) 24–53 (3) 1,641 45.945 113.735
Martin upper 18.3 7.3 46–75 (6) 39–49 (2) 1,924 45.990 113.828
Meadow lower 30.8 56.5 50–73 (6) 97–106 (3) 1,809 45.849 113.820
Meadow upper 19.9 82.5 14–21 (3) 19–70 (3) 1,902 45.829 113.802
Mine 33.0 0.0 60–80 (2) 46–79 (3) 1,708 45.596 114.170
Moose 59.9 2.4 31–59 (5) 27–61 (3) 1,634 45.940 113.715
North Ryea 40.7 94.7 48–90 (5) 6–26 (3) 1,373 46.001 114.029
Piquett 66.0 11.7 77–96 (2) 18–63 (3) 1,315 45.856 114.193
Praine 9.7 53.9 46 (1) 13–95 (3) 1,490 45.801 113.967
Reimel lower 21.1 37.7 58–84 (3) 5–68 (3) 1,454 45.820 113.940
Reimel upper 15.0 40.5 54–111 (3) 42–49 (3) 1,542 45.801 113.930
Rye 23.0 20.1 27–104 (5) 32–80 (3) 1,626 45.993 113.943
Skalkaho 43.1 29.1 31–74 (4) 48–76 (2) 1,608 46.124 113.851
Slate 49.5 33.6 57–88 (2) 36–77 (3) 1,495 45.698 114.265
Sleeping Child lowera 124.8 37.5 20–52 (13) 8–17 (3) 1,391 46.110 114.005
Sleeping Child upper 41.7 17.8 39–58 (4) 23–37 (3) 1,626 46.064 113.968
Tolan lower 48.8 33.0 26–46 (4) 51–80 (3) 1,486 45.829 113.902
Tolan middle 32.8 41.8 30–54 (5) 46–76 (3) 1,744 45.809 113.851
Tolan upper 17.2 39.3 17 (1) 29–67 (3) 1,846 45.782 113.833
Two Bear 26.2 6.5 21 (1) 21–36 (3) 1,463 46.117 113.994
West Fork Bitterroot 23.2 0.0 11 (1) 38–40 (3) 1,756 45.513 114.322
West Fork Camp 17.5 6.2 17 (1) 20–64 (3) 1,553 45.753 113.952
Waugh 6.9 31.9 24–31 (2) 19–66 (3) 1,528 45.783 113.958
Woods 40.2 0.0 26–37 (2) 38–55 (3) 1,636 45.563 114.341

aReach influenced by a debris flow.

based on catches from two removal passes, but these data were
used only for assessment of invasions and extirpations (see be-
low).

An issue in long-term studies is whether similar sampling
methods have been used to ensure that data are comparable over
time and that any changes in abundance are not the result of
methodological differences (Wiens and Parker 1995). Although
similar electrofishing methods had been used over the 18-year
span of the study, the assumption that sampling methods were
consistent was tested by comparing capture probability (based
on modified Petersen estimates for instances where at least 10
marked fish were captured in the recapture run) between prefire
and postfire abundance estimates with a Z-test for difference of
two proportions (Zar 1984). Prefire and postfire capture proba-

bilities were not significantly different for cutthroat trout (pre,
0.43; post, 0.44; P = 0.76), bull trout (0.40, 0.37; P = 0.57), or
brook trout (0.49, 0.44; P = 0.53).

Water temperatures were recorded every 2.5 h using elec-
tronic thermographs. In each study reach, a single ther-
mograph was positioned in the shade within a well-mixed
pool or run. Because thermographs were deployed from at
least 19 July to 30 September at all sites, two temperature
metrics—mean minimum daily temperature and mean max-
imum daily temperature—were calculated over this 74-d
interval.

Measurements of LWD, substrate, and channel unit charac-
teristics were used to assess the effects of fire on stream habitats.
We defined LWD as pieces within the bank-full channel greater
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TROUT RESPONSE TO FIRE 139

than 10 cm in diameter and 2 m long. Total counts were stan-
dardized to number of pieces per 100 m of stream. We used
pebble counts and estimates of surface fines to assess substrate
composition. Pebble counts were conducted using the zig-zag
procedure described by Bevenger and King (1995), in which
substrate particle size was measured at every seventh step across
the bank-full channel. Substrate size was measured along the
intermediate axis to the nearest millimeter; this continued until
100 pebbles were measured. Substrate size categories were fines
(<2 mm), gravel (2–64 mm), cobble (64–256 mm), and boulder
(>256 mm). Substrate diversity was determined by using the
Shannon–Weaver index (Shannon and Weaver 1949). Percent
surface fines measurements were collected at pool tail-outs with
a 49-point grid by counting the number of grid intersections
with substrate less than 2 mm in diameter (Overton et al. 1997).
The grid was randomly tossed into each pool tail-out five times.
We sampled up to 10 pool tail-outs, beginning from the bottom
of the reach, and estimated the mean percent surface fines for
the entire reach.

Habitat types in each reach were delineated and measured
at base flow in late August to allow comparisons of pool habi-
tat among treatments. Habitats were classified using the R1/R4
stream habitat methodology (Overton et al. 1997). Each fast-
water habitat unit was classified as a riffle or run. Slow-water
habitats that were at least as long as they were wide and had a
maximum depth of at least 1.5 times crest depth were catego-
rized as pools.

Statistical analyses.—We used linear regression to re-
late biotic and physical variables to the arcsine-square-root-
transformed proportion of total area upslope of each study reach
classified as having moderate to high burn severity (burns ex-
pected to lead to substantial overstory tree mortality). All anal-
yses were conducted in R (version 2.11.0; R Development Core
Team 2010). The number of reaches included in each analysis
varied because not all variables were measured in all reaches
in all years, and not all species were present in all reaches. Be-
cause the number of streams that were electrofished annually
varied widely in the prefire interval, prefire to postfire changes
in fish abundance among reaches were assessed with a BACI
study design (Underwood 1992; Smith 2002); we used 1991 as
the prefire year and 2001 as the postfire year because this pair-
ing had the largest sample sizes for each species (n = 13–21).
This approach was also appropriate because regional synchrony
in stream fish abundance is relatively high (Myers et al. 1997;
Lobón-Cerviá 2004), and our two most distant sites were less
than 75 km apart. We analyzed abundance of the three most
common salmonid species: westslope cutthroat trout, bull trout,
and brook trout. Densities were standardized as counts of fish
per 100 m, log10(x + 1) transformed, and compared among
reaches before and after wildfire by calculating � ( = log-
transformed postfire density—log-transformed prefire density)
for each reach (Wiens and Parker 1995; Murphy et al. 1997).
To assess possible recovery after wildfire, we used a similar
analysis comparing density changes by species among reaches

(n = 18–30) between 1 and 3 years postfire (2001 and 2003).
Postfire size structure and recruitment were assessed by cal-
culating the percentage of young fish (primarily ages 0–1) by
species (Tonn et al. 2003) among reaches in 2002 and 2003.
Lengths of young fish corresponded to the first node of the
length-frequency distribution (St-Onge and Magnan 2000). The
young fish node was 75–110 mm for westslope cutthroat trout,
75–100 mm for bull trout, and 75–120 mm for brook trout.
Percentages were arcsine-square-root-transformed, and regres-
sion analyses were conducted only for samples that contained
at least five fish of a given species. Finally, invasions by new
species were defined as the detection of a species in a new site
during postfire years. Extirpations were defined as the failure to
detect a species at a site where it had been detected in prefire
years. Larger thresholds, that is, the presence of more individ-
uals, could have been adopted, but the presence (or absence)
of one individual constitutes the beginning of an invasion (or
onset of extirpation). Also, the multiple years of sampling in
the pre- and postfire periods imply that detection rates should
be relatively high. We also compared the number of invasions
and extirpations between low- and high-severity fire reaches;
low severity was defined as study streams with less than the
median percentage of basin area burned by moderate- to high-
severity fire (median, 30.5%), and high severity was defined as
the percentage of basin area burned was greater than the median
percentage.

Pre- and postfire water temperature data were available for
18 reaches. More consistent measurement among prefire years
permitted us to average data for water temperature metrics for
the prefire and postfire periods in each reach before calculating
pre-/post- differences. Because other prefire physical habitat
data were unavailable, we used an extensive posttreatment study
design (Hicks et al. 1991) to assess effects of fire on physical
habitat for 22–27 reaches measured in 2003.

RESULTS
Crews captured 24,303 trout longer than 75 mm in the 30

study reaches during the 15-year prefire and 3-year postfire
study periods. Cutthroat trout constituted 71% of all salmonids
captured and were found in all reaches. Bull trout represented
15% of the total and were present in 25 reaches, whereas brook
trout represented 14% of the catch and occupied 20 reaches.
Rainbow trout constituted 0.3% of the catch and occurred in
four reaches. Only 13 brown trout were captured, occurring
in seven reaches. Prefire trout densities were generally similar
within study streams (Table 1).

Fish Abundance and Distribution
The negative effects of the 2000 fires on fish densities were

modest. Although the proportion of basin area that burned at
moderate to high severity was negatively related to the difference
between 2001 and 1991 densities of all species (Figure 1), this
effect was significant only for westslope cutthroat trout (n =
21, P = 0.03, r = −0.46) and not for brook trout (n = 13,
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140 SESTRICH ET AL.

P = 0.41, r = −0.25) or bull trout (n = 18, P = 0.19, r =
−0.32). After fires, however, increases in density tended to be
proportionately larger in basins that had greater fire effects. The
proportion of basin area that burned at moderate to high severity
was positively related to the difference between 2003 and 2001
densities of bull trout (n = 24, P = 0.03, r = 0.44) and westslope

FIGURE 1. Change in fish densities (log10[{number/100 m} + 1]) between
2001 (postfire) and 1991 (prefire) for brook, bull, and westslope cutthroat trout
in streams with (open circles) and without (filled circles) debris flows in the Bit-
terroot River basin in relation to the proportion of the basin burned at moderate
to high severity. The horizontal reference line indicates zero change in density.

cutthroat trout (n = 30, P = 0.002, r = 0.53) but not brook trout
(n = 18, P = 0.39, r = −0.22; Figure 2).

Wildfire had a minor effect on fish length-frequency distribu-
tions. Although the proportion of young fish in a reach declined
as the proportion of the basin upstream that burned at moder-
ate to high severity increased for all species–year combinations,
this relation was significant only for brook trout in 2002 (n =
12, P = 0.02, r = −0.65; Figure 3).

There was little evidence that fires were related to the arrival
or loss of fish species in the sampled reaches. The few instances
of invasions and extirpations postfire appeared to be largely
unrelated to fire severity (Figure 4). In all cases, detections of
new species in the postfire years never exceeded 1–2 fish in
any reach. Brown trout had the greatest number of invasions
(n = 5).

Habitat
Greater fire effects were associated with increases in postfire

maximum water temperatures but not with other habitat char-
acteristics. Though there was an increase in mean minimum
daily temperature with an increase in the proportion of basin
area burned in most streams, the correlation was not signifi-
cant (P = 0.15; r = 0.35; Figure 5). For mean maximum daily
temperature, however, the differences were significantly corre-
lated (P = 0.003; r = 0.65; Figure 5), the basins with greater
than the median area burned (30.5%) showing maximum water
temperature increases of about 2–6◦C. In contrast, burned area
prevalence was unrelated to LWD density (n = 22; P = 0.40;
r = −0.19), the percentage of surface fines (n = 26; P = 0.63;
r = 0.10), substrate diversity (n = 27; P = 0.70; r = 0.08), or
the percentage of pool habitat (n = 27; P = 0.33; r = −0.20;
Figure 6).

DISCUSSION
The 2000 wildfires appeared to temporarily depress popula-

tions of the most abundant salmonid in this basin. Consistent
with the observation of fish kills in reaches exposed to moderate-
to high-severity fire (BNF 2001), postfire abundances of west-
slope cutthroat trout relative to a prefire year were lower in
basins exposed to a higher proportion of stand-replacing fire.
Immediate declines in abundance after fire have been repeat-
edly observed among native salmonids in the western United
States (Brown et al. 2001; Burton 2005), among nonsalmonid
fishes in this region (Rinne and Carter 2008), and among non-
salmonids elsewhere (Lyon and O’Connor 2008), These de-
clines are typically attributed to spikes in water temperature or
changes in water chemistry during fires, or to postfire debris
flows or blackwater events resulting from high-intensity rainfall
on burned slopes (Gresswell 1999). Bull trout have declined
shortly after fire in nearby basins (Rieman et al. 1997), but
such declines were not apparent in the Bitterroot River basin.
Although the lack of a significant decline in bull trout may indi-
cate less vulnerability to fire effects, it may also be an artifact of
low statistical power as a result of relatively small sample sizes.
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TROUT RESPONSE TO FIRE 141

FIGURE 2. Postfire change in fish densities (log10[{number/100 m} + 1])
between 2001 and 2003 for brook, bull, and westslope cutthroat trout in streams
with (open circles) and without (filled circles) debris flows in the Bitterroot
River basin in relation to the proportion of the basin burned at moderate to high
severity. The horizontal reference line indicates zero change in density.

Because the postfire changes in density were based on larger
numbers of reaches, fish responses were easier to detect. The
density of both native species increased as the proportion of
burned area increased. To some extent, this may reflect rapid
recovery from postfire declines via increased local recruitment
(Lamberti et al. 1991) or recolonization from adjacent unaf-
fected reaches (Rieman and Clayton 1997). Alternatively, this
could also demonstrate a positive response to burned conditions.
Postfire stream environments are characterized by higher light
levels, warmer water temperatures, and nutrient pulses (Gress-
well 1999; Spencer et al. 2003; Isaak et al. 2010) that persist
until regrowth of riparian vegetation alters nutrient pathways and
shades the stream. Total abundance of macroinvertebrates often
declines immediately after fire, and functional feeding groups
generally shift (Minshall 2003), but postfire increases in drifting
organisms (Mellon et al. 2008) may increase prey availability to
salmonids. Moreover, warmer water temperatures are hypoth-
esized to increase the probability of population establishment
and persistence for cutthroat trout in particularly cold streams
(Cooney et al. 2005). Although the notion that fires may im-
prove conditions for salmonid populations is largely unstudied,
our results in combination with these related findings suggest
that further examination may be warranted.

There were also changes in nonnative species following fire,
but not as we hypothesized. Surprisingly, brook trout failed
to exhibit either positive or negative responses to fire despite
changes in westslope cutthroat trout abundance. Notably, brook
trout showed the most severe declines in debris flow–affected
reaches and exhibited much less recovery in severely burned
reaches than did cutthroat trout. We had anticipated that warmer
postfire conditions coupled with the short generation times of
brook trout (Kennedy et al. 2003) would lead to their expan-
sion within and among sites. Their failure to show a positive
response may indicate that this species is poorly adapted to
some aspects of the postfire stream environment, such as lower
channel stability or greater sediment transport (Benda et al.
2003). We also suspect that part of our inability to detect re-
sponses is attributable to their relatively low abundance in the
Bitterroot River basin. Given that this species can rapidly in-
vade waters occupied by westslope cutthroat trout (Shepard
2004), that their populations often rebound quickly after fires
or other disturbances (Roghair et al. 2002; Howell 2006), and
that fluvial connections among streams in most of this basin
are intact, other factors may be limiting the success of this
species in the basin. In contrast, brown trout first arrived in
several reaches immediately after the fires but were present
in very low numbers. This species favors warmer water tem-
peratures than do either of the native salmonids or the brook
trout (Elliott 1994; Rahel and Nibbelink 1999), a factor that
may have contributed to this spread. In addition, numbers of
brown trout have been increasing in the main-stem rivers in re-
cent decades (C. Clancy, Montana Fish, Wildlife and Parks,
unpublished data). Whether their recent appearance reflects
a nascent invasion in now-suitable habitat or exploration by
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142 SESTRICH ET AL.

FIGURE 3. Changes in the percentage of young fish, by species, in study streams in relation to the percentage of the basin burned at moderate to high severity
2–3 years after the major wildfire in the Bitterroot River basin in 2000. Sites with debris flows are indicated by open circles, those without debris flows by filled
circles.

itinerant individuals from nearby source populations is not yet
known.

Increased stream temperature was the most significant habitat
change following wildfire. Mean maximum water temperatures
were as much as 6◦C warmer after the fires. This change is
consistent with similar observations on small streams through-
out the western United States (Minshall et al. 1997; Burton
2005; Dunham et al. 2007) and is probably driven by the post-
fire increase in solar radiation that reaches the channel after the
burning of riparian vegetation (Albin 1979; Amaranthus et al.
1989; Johnson and Jones 2000). It is uncertain how long the
summer water temperatures in wildfire-affected streams in the
Bitterroot River basin will be elevated. Given that many ripar-

ian plant species are well adapted to wildfire disturbance, are
capable of rapid reestablishment, and contribute to recovery
of streamside habitats (Dwire and Kauffman 2003; Pettit and
Naiman 2007), water temperatures in some affected streams
will probably return to prefire norms (disregarding patterns at-
tributable to climate change) within a few decades. Johnson and
Jones (2000) found that, after 30 years, diel fluctuations in two
disturbed watersheds in central Oregon had decreased by 4–6◦C
and were identical to a reference (unaffected) watershed.

Whether these warmer temperatures will lead to further inva-
sions of nonnative fish remains uncertain. The predicted ultimate
upper incipient lethal temperature and optimal growth tempera-
ture of westslope cutthroat trout (Bear et al. 2007) and bull trout
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FIGURE 4. Number of invasions (black bars) and extirpations (white bars)
in study streams with low and high percentages of the drainage burned by
moderate- to high-severity fire (low percentage = less than median fire severity
across all drainages [30.5%]; high = greater than median fire severity across all
drainages).

(Selong et al. 2001) are lower than those reported for brook
trout (Brown 1974; McMahon et al. 2007) and brown trout
(Elliott 1994). In addition, even small differences in optimal
thermal range may govern the outcome of interspecific compe-
tition (DeStaso and Rahel 1994; Taniguchi and Nakano 2000;
Rodtka and Volpe 2004). For example, Novinger (2000) found
that age-0 brook trout held a competitive advantage over age-0
cutthroat trout, which increased at warmer water temperatures.
Similarly, brook trout have a significant competitive advantage
over bull trout at temperatures above 14.4◦C (McMahon et al.
2007). Increases in water temperatures in the western United
States associated with climate change are predicted to greatly
decrease suitable habitat for bull trout (Rieman et al. 2007), and
fire may exacerbate this trend.

Somewhat unexpectedly, we did not observe any relation
between burned area prevalence and measures of channel char-
acteristics. The absence of prefire data prevented use of pre-
/post-fire comparisons and weakened our ability to observe fire
effects. Furthermore, the study reaches reflected an array of
channel types and management histories that would tend to ob-
scure any fire-related differences. Finally, the effects of the fires
themselves made some changes difficult to detect; channel po-
sition and substrate changed annually in some of the more fire-
affected streams because of greater sediment transport (C.M.S.,
unpublished data).

It was also clear that temperature and fish responses to fire
were somewhat idiosyncratic. For example, the paucity of sites
with debris flows did not permit separate analyses of their ef-
fects, but we expected such locations to display the greatest
extremes in water temperature and fish response (confer Dun-
ham et al. 2007); however, this was not always the case. Despite
the fact that nearly the entire North Rye Creek basin burned at
moderate to high severity and a debris flow altered the study
reach in 2001, changes in mean minimum water temperature
from pre- to postfire were almost nil. High variance also char-
acterized some of the differences in fish abundance before and
after the fire at sites with less severe fire effects. Spatial and
temporal variability appear to epitomize the short-term post-
fire environment for fishes (Gresswell 1999; Bisson et al. 2003)
and will continue to pose a challenge for the understanding and
management of fire in relation to aquatic ecosystems.

Natural disturbances, such as wildfire, have played a critical
role in the evolutionary history of native fishes in the western
United States and are important in maintaining aquatic ecosys-
tem health and complexity (Reeves et al. 1995). Our results
support the contention that connected native fish populations
appear resilient to seemingly catastrophic high-severity wildfire
disturbance and debris flows (Bisson et al. 2009) and are ca-
pable of rapid recovery even when in sympatry with nonnative
fishes. With increasing frequency and severity of wildfire on

FIGURE 5. Changes in daily minimum and maximum water temperatures in relation to the percentage of the basin burned at moderate to high severity after the
major wildfire in the Bitterroot River basin in 2000. Sites with debris flows are indicated by open circles, those without debris flows by filled circles.
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FIGURE 6. Relationships between habitat features measured in 2003 (large woody debris [LWD], percent pools, percent fines, and substrate diversity) and the
percentage of the basin burned at moderate to high severity in the Bitterroot River basin in the 2000 wildfire. Sites with debris flows are indicated by open circles,
those without debris flows by filled circles.

the landscape expected to continue (Hessburg and Agee 2003),
maintaining connectivity within stream networks and metapop-
ulations to allow repopulation of native fishes in reaches defau-
nated by wildfire may be critical (Dunham and Rieman 1999;
Rieman and Dunham 2000). Although the potential may exist for
wildfire to favor invasion of nonnative fishes, the chronic nature
of many anthropogenic disturbances probably plays a greater
role in facilitating nonnative fish invasions than does wildfire
(Griffith 1988; Moyle and Light 1996; Ross et al. 2001).
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Lobón-Cerviá, J. 2004. Discharge-dependent covariation patterns in the pop-
ulation dynamics of brown trout (Salmo trutta) within a Cantabrian river
drainage. Canadian Journal of Fisheries and Aquatic Sciences 61:1929–1939.

Lyon, J. P., and J. P. O’Connor. 2008. Smoke on the water: can riverine fish pop-
ulations recover following a catastrophic fire-related sediment slug? Austral
Ecology 33:794–806.

McMahon, T. E., and D. S. DeCalesta. 1990. Effects of fire on fish and wildlife.
Pages 233–250 in J. D. Walstad, S. R. Radosevich, and D. V. Sandberg,
editors. Natural and prescribed fire in Pacific Northwest forests. Oregon State
University Press, Corvallis.

McMahon, T. E., A. V. Zale, F. T. Barrows, J. Selong, and R. Danehy. 2007.
Temperature and competition between bull trout and brook trout: a test of the
elevation refuge hypothesis. Transactions of the American Fisheries Society
136:1313–1326.

Mellon, C. D., M. S. Wipfli, and J. L. Li. 2008. Effects of forest fire on head-
water stream macroinvertebrate communities in eastern Washington, U.S.A.
Freshwater Biology 53:2331–2343.

Miller, D., C. Luce, and L. Benda. 2003. Time, space, and episodicity of physical
disturbance in streams. Forest Ecology and Management 178:121–140.

Minshall, G. W. 2003. Responses of stream benthic invertebrates to fire. Forest
Ecology and Management 178:155–161.

Minshall, G. W., C. T. Robinson, and D. E. Lawrence. 1997. Postfire responses
of lotic ecosystems in Yellowstone National Park, U.S.A. Canadian Journal
of Fisheries and Aquatic Sciences 54:2509–2525.

Moyle, P. B., and T. Light. 1996. Biological invasion of fresh water: empirical
rules and assembly theory. Biological Conservation 78:149–161.

Murphy, S. M., R. H. Day, J. A. Wiens, and K. R. Parker. 1997. Effects of the
Exxon Valdez oil spill on birds: comparisons of pre- and post-spill surveys in
Prince William Sound, Alaska. Condor 99:299–313.

Myers, R. A., G. Mertz, and J. Bridson. 1997. Spatial scales of interannual
recruitment variations of marine, anadromous, and freshwater fish. Canadian
Journal of Fisheries and Aquatic Sciences 54:1400–1407.

Nelson, M. L., T. E. McMahon, and R. F. Thurow. 2002. Decline of the migratory
form in bull charr, Salvelinus confluentus, and implications for conservation.
Environmental Biology of Fishes 64:321–332.

Novak, M. A., and R. G. White. 1989. Impact of a fire and flood on the trout
population of Beaver Creek, upper Missouri basin, Montana. Pages 120–127
in F. Richardson and R. H. Hamre, editors. Wild trout, IV. Trout Unlimited,
Arlington, Virginia.

Novinger, D. C. 2000. Reversals in competitive ability: do cutthroat trout have
a thermal refuge from competition with brook trout? Doctoral dissertation.
University of Wyoming, Laramie.

Overton, C. K., S. P. Wollrab, B. C. Roberts, and M. A. Radko. 1997. R1/R4
(northern/intermountain regions) fish and fish habitat standard inventory pro-
cedures handbook. U.S. Forest Service General Technical Report INT-GTR
346.

Pettit, N. E., and R. J. Naiman. 2007. Fire in the riparian zone: characteristics
and ecological consequences. Ecosystems 10:673–687.

R Development Core Team. 2010. R: a language and environment for statistical
computing. R Foundation for Statistical Computing, Vienna. Available: R-
project.org. (June 2010).

Rahel, F. J., and N. P. Nibbelink. 1999. Spatial patterns in relations among
brown trout (Salmo trutta) distribution, summer air temperature, and stream
size in Rocky Mountain streams. Canadian Journal of Fisheries and Aquatic
Sciences 56(Supplement 1):43–51.

Reeves, G. H., L. E. Benda, K. M. Burnett, P. A. Bisson, and J. R. Sedell.
1995. A disturbance-based ecosystem approach to maintaining and restoring

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
M
o
n
t
a
n
a
 
S
t
a
t
e
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
1
9
:
1
1
 
2
8
 
F
e
b
r
u
a
r
y
 
2
0
1
1



146 SESTRICH ET AL.

freshwater habitats of evolutionarily significant units of anadromous
salmonids in the Pacific Northwest. Pages 334–349 in J. L. Nielsen, edi-
tor. Evolution and the aquatic ecosystem: defining unique units in population
conservation. American Fisheries Society, Symposium 17, Bethesda, Mary-
land.

Rich, C. F., T. E. McMahon, B. E. Rieman, and W. L. Thompson. 2003.
Local-habitat, watershed, and biotic features associated with bull trout occur-
rence in Montana streams. Transactions of the American Fisheries Society
132:1053–1064.

Ricker, W. E. 1975. Computation and interpretation of biological statistics of
fish populations. Journal of the Fisheries Research Board of Canada Bulletin
191.

Rieman, B. E., and J. L. Clayton. 1997. Wildfire and native fish: issues of forest
health and conservation of sensitive species. Fisheries 22(11):6–1

Rieman, B. E., and J. B. Dunham. 2000. Metapopulation and salmonids: a
synthesis of life history patterns and empirical observations. Ecology of
Freshwater Fish 9:51–64.

Rieman, B. E., D. Isaak, S. Adams, D. Horan, D. Nagel, C. Luce, and D.
Myers. 2007. Anticipated climate warming effects on bull trout habitats and
populations across the interior Columbia River basin. Transactions of the
American Fisheries Society 136:1552–1565.

Rieman, B. E., D. Lee, D. Burns, R. Gresswell, M. K. Young, R. Stowell, J.
Rinne, and P. Howell. 2003. Status of native fishes in the western United States
and issues for fire and fuels management. Forest Ecology and Management
178:197–211.

Rieman, B., D. Lee, G. Chandler, and D. Myers. 1997. Does wildfire threaten
extinction for salmonids: responses of redband trout and bull trout following
recent large fires on the Boise National Forest. Pages 47–57 in J. Green-
lee, editor. Proceedings of the conference on wildfire and threatened and
endangered species and habitat. International Association of Wildland Fire,
Fairfield, Washington.

Rieman, B. E., J. T. Peterson, and D. L. Myers. 2006. Have brook trout (Salveli-
nus fontinalis) displaced bull trout (Salvelinus confluentus) along longitudinal
gradients in central Idaho streams? Canadian Journal of Fisheries and Aquatic
Sciences 63:63–78.

Rinne, J. N. 1996. Short-term effects of wildfire on fishes and aquatic macroin-
vertebrates in the southwestern United States. North American Journal of
Fisheries Management 16:653–658.

Rinne, J. N., and C. D. Carter. 2008. Short-term effects of wildfires on fishes in
the southwestern United States, 2002: management implications. U.S. Forest
Service General Technical Report PSW-GTR-189.

Ripley, T., G. Scrimgeour, and M. S. Boyce. 2005. Bull trout (Salvelinus conflu-
entus) occurrence and abundance influenced by cumulative industrial devel-
opments in a Canadian boreal forest watershed. Canadian Journal of Fisheries
and Aquatic Sciences 62:2431–2442.

Robson, D. S., and H. A. Regier. 1964. Sample size in Petersen mark-recapture
experiments. Transactions of the American Fisheries Society 93:215–226.

Rodtka, M. C., and J. P. Volpe. 2004. Effects of stream temperature on interspe-
cific competition between juvenile brook and bull trout. Pages 11–12 in G. J.
Scrimgeour, G. Eisler, B. McCulloch, U. Silins, and M. Monita, editors. Pro-
ceedings of the forest-land-fish conference II: ecosystem stewardship through
collaboration. Northern Forestry Centre, Ottawa.

Roghair, C. N., C. A. Dolloff, and M. K. Underwood. 2002. Response of a brook
trout population and instream habitat to a catastrophic flood and debris flow.
Transactions of the American Fisheries Society 131:718–730.

Ross, R. M., W. A. Lellis, R. M. Bennett, and C. S. Johnson. 2001. Landscape de-
terminants of nonindigenous fish invasions. Biological Invasions 3:347–361.

Selong, J. H., T. E. McMahon, A. V. Zale, and F. T. Barrows. 2001. Effect
of temperature on growth and survival of bull trout, with application of an
improved method for determining thermal tolerance in fishes. Transactions
of the American Fisheries Society 130:1026–1037.

Shannon, S. E., and W. Weaver. 1949. The mathematical theory of communica-
tion. University of Illinois Press, Urbana.

Shellberg, J. G., S. M. Bolton, and D. R. Montgomery. 2010. Hydrogeomorphic
effects on bedload scour in bull char (Salvelinus confluentus) spawning habi-
tat, western Washington, USA. Canadian Journal of Fisheries and Aquatic
Sciences 6:626–640.

Shepard, B. B. 2004. Factors that may be influencing nonnative brook trout
invasion and their displacement of native westslope cutthroat trout in three
adjacent southwestern Montana streams. North American Journal of Fisheries
Management 24:1088–1100.

Smith, E. P. 2002. BACI design. Pages 141–148 in A. H. El-Shaarawi and W.
W. Piegorsch, editors. Encyclopedia of environmetrics. Wiley, New York.

Spencer, C. N., K. O. Gabel, and F. R. Hauer. 2003. Wildfire effects on stream
food webs and nutrients dynamics in Glacier National Park, USA. Forest
Ecology and Management 178:141–153.

St.-Onge, I., and P. Magnan. 2000. Impact of logging and natural fires on fish
communities of Laurentian Shield lakes. Canadian Journal of Fisheries and
Aquatic Sciences 57(Supplement 2):165–174.

Taniguchi, Y., and S. Nakano. 2000. Condition-specific competition: implica-
tions for the altitudinal distribution of stream fishes. Ecology 81:2027–2039.

Tonn, W. M., C. A. Paszkowski, G. J. Scrimgeour, P. K. M. Aku, M. Lange,
E. E. Prepas, and K. Westcott. 2003. Effects of forest harvesting and fire
on fish assemblages in boreal plains lakes: a reference condition approach.
Transactions of the American Fisheries Society 132:514–523.

Underwood, A. J. 1992. Beyond BACI: the detection of environmental impacts
on populations in the real, but variable world. Journal of Experimental Marine
Biology and Ecology 161:145–178.

USFS (U.S. Forest Service). 1995. Burned area emergency rehabilitation hand-
book. USFS, FSH 2509.13, Washington, D.C.

Warren, D. R., and C. E. Kraft. 2003. Brook trout (Salvelinus fontinalis) re-
sponse to wood removal from high-gradient streams of the Adirondack Moun-
tains (N.Y., U.S.A.). Canadian Journal of Fisheries and Aquatic Sciences
60:379–389.

Westerling, A. L., H. G. Hidalgo, D. R. Cayan, and T. W. Swetnam. 2006.
Warming and earlier spring increases western U.S. forest wildfire activity.
Science (Washington, D.C.) 313:940–943.

Wiens, J. A., and K. R. Parker. 1995. Analyzing the effects of environmental
impacts: approaches and assumptions. Ecological Applications 5:1069–1083.

Wondzell, S. M., and J. G. King. 2003. Postfire erosional processes in the Pacific
Northwest and Rocky Mountain regions. Forest Ecology and Management
178:75–87.

Zar, J. H. 1984. Biostatistical analysis, 2nd edition. Prentice-Hall, Englewood
Cliffs, New Jersey.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
M
o
n
t
a
n
a
 
S
t
a
t
e
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
1
9
:
1
1
 
2
8
 
F
e
b
r
u
a
r
y
 
2
0
1
1


