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FI R E E C O LO G Y
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Abstract: Management of aquatic resources in ﬁre-prone areas requires understanding of ﬁsh species’ responses
to wildﬁre and of the intermediate- and long-term consequences of these disturbances. We examined Rainbow
Trout populations in 9 headwater streams 10 y after a major wildﬁre: 3 with no history of severe wildﬁre in the
watershed (unburned), 3 in severely burned watersheds (burned), and 3 in severely burned watersheds subjected to immediate events that scoured the stream channel and eliminated streamside vegetation (burned and
reorganized). Results of a previous study of this system suggested the primary lasting eﬀects of this wildﬁre
history on headwater stream habitat were diﬀerences in canopy cover and solar radiation, which led to higher
summer stream temperatures. Nevertheless, trout were present throughout streams in burned watersheds. Older
age classes were least abundant in streams draining watersheds with a burned and reorganized history, and individuals >1 y old were most abundant in streams draining watersheds with an unburned history. Burned history
corresponded with fast growth, low lipid content, and early maturity of Rainbow Trout. We used an individualbased model of Rainbow Trout growth and demographic patterns to determine if temperature interactions with
bioenergetics and competition among individuals could lead to observed phenotypic and ecological diﬀerences
among populations in the absence of other plausible mechanisms. Modeling suggested that moderate warming
associated with wildﬁre and channel disturbance history leads to faster individual growth, which exacerbates
competition for limited food, leading to decreases in population densities. The inferred mechanisms from this
modeling exercise suggest the transferability of ecological patterns to a variety of temperature-warming scenarios.
Key words: Rainbow Trout, wildﬁre, temperature, life history, disturbance

Disturbance, such as wildﬁre, is a fundamental component of ecosystems (Sousa 1984). In riverine ecosystems,
disturbance often is manifested through ﬂoods and
droughts, which have immediate eﬀects but also may create
intermediate- to long-term changes in habitat conﬁgurations that can shape aquatic species’ life history, behavior,
and morphology (Lytle and Poﬀ 2003, Stanley et al. 2010).
Thus, as the nature, pattern, and history of disturbance
change over time and space, so too may the characteristics

of the species and ecosystems themselves (Parmesan 2006,
Hof et al. 2008, Reed et al. 2011). In particular, change in
stream disturbance regimes is a likely prospect if future
climates warm (Wenger et al. 2011, Arismendi et al. 2012),
especially if warming leads to increased incidence and severity of wildﬁre (Westerling et al. 2006, Rieman et al.
2010). Within the course of hours to days, wildﬁres can
burn forests and riparian vegetation in headwater stream
watersheds, and the combination of severe wildﬁre and pre-
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cipitation soon after disturbance can trigger landslides, debris ﬂows, and ﬂoods that can scour the stream channel to
bedrock (Benda et al. 2003, Miller et al. 2003), leading to
immediate mortality of ﬁsh and uprooting and removal of
riparian vegetation (Bozek and Young 1994, Rieman et al.
1997, Brown et al. 2001). Loss of canopy cover and riparian
vegetation and the consequent warming of stream temperatures can persist for decades (Dunham et al. 2007, Isaak
et al. 2010, Mahlum et al. 2011).
Loss of terrestrial vegetation and geomorphological disturbance after wildﬁre may cause immediate local extirpation of ﬁsh, but they may recover quickly to predisturbance abundances or distributions (Dunham et al. 2007,
Sestrich et al. 2011). Studies of streams with a history of
wildﬁre in their watersheds suggest that ﬁsh movement
and habitat connectivity play an important role in this
rapid recovery (Rieman et al. 1997, Neville et al. 2009),
but phenotypic changes in individual ﬁsh in response to
altered environmental conditions, most notably temperature, also may contribute to apparent resilience (Kammerer and Heppell 2012, McMillan et al. 2012). We investigated this possibility in an analysis of age-speciﬁc
population density, growth, condition, and development
of Rainbow Trout (Oncorhynchus mykiss) in streams with
diﬀerent thermal regimes resulting from a history of standreplacing wildﬁres and channel-reorganizing events (Dunham et al. 2007, Rosenberger et al. 2011).
We compared the ecology of Rainbow Trout in streams
in watersheds representing 3 diﬀerent wildﬁre histories,
from those without stand-replacing wildﬁre in the last century (unburned) to those that experienced severe wildﬁre
∼10 y before to our study (burned) to those that experienced both wildﬁre and subsequent stream channel reorganization from postﬁre ﬂooding and debris ﬂows ∼10 y
before our study (burned and reorganized). This history
has been linked to lasting diﬀerences in canopy cover and
stream temperatures. The warmest temperatures are associated with loss of both coniferous upland vegetation
and deciduous riparian vegetation (Dunham et al. 2007,
Isaak et al. 2010). We sampled ﬁsh from 9 streams (3 in
each disturbance history category) and compared population density, size at age, condition, and development (gonadal maturation) of individuals to provide an empirical
evaluation of ﬁsh responses to these contrasting environments. We developed and applied an individual-based model
to simulate bioenergetic and demographic responses of ﬁsh
linked to temperature, food, and body size to evaluate the
potential inﬂuence of changes in water temperature on resident trout. We used model results to evaluate relative differences in ﬁsh growth, size, and densities among contrasting thermal regimes, considering only the bioenergetic and
competitive consequences of wildﬁre-associated warming.
Collectively, these results allowed us to evaluate physiological, life-history, and demographic responses of Rainbow
Trout to thermal regimes associated with the legacy of wild-

ﬁre and channel reorganization. In the broader view, we
interpret these ﬁndings in light of the full suite of processes
that can contribute to the resilience of species, such as
Rainbow Trout, to wildﬁre-related disturbance and habitat alteration.
M E T H O DS
Study area and sampling frame
We studied headwater streams of the Boise River in
summer 2003 and autumn 2004 (Boise National Forest,
central Idaho; Table 1, Fig. 1; also see Dunham et al.
2007, Isaak et al. 2010). Over ⅓ of the Boise River watershed burned between 1992 and 2003, after a relatively
wildﬁre-free period characterizing most of the 20th century (Burton 2005). Streams that drained watersheds from
1000 to 5300 ha in area were classiﬁed into 3 categories
according to disturbance history (Dunham et al. 2007).
According to records maintained by the Boise National
Forest personnel, streams with unburned histories drained
watersheds that had no record of wildﬁre over the past
century (Lost Man and Beaver creeks) or had a watershed
that was only lightly burned and had little evidence of
wildﬁre a decade after the event (Trail Creek). Watersheds
of streams with burned histories were burned extensively
(>50%) by stand-replacing wildﬁre ∼10 y before our study
(Cottonwood Creek, 1992; Hungarian and Lost creeks,
1994). Streams with burned and reorganized histories
(South Fork Sheep, Trapper, and Wren Creeks, 1994)
were in watersheds that experienced stand-replacing wildﬁres followed by small, isolated thunderstorms that triggered channel-reorganizing debris ﬂows and hyperconcentrated ﬂoods within 1 wk of the wildﬁre (Benda et al.
2003; see Dunham et al. 2007 for photographs of the
disturbance types). Dunham et al. (2007) reported a correspondence between disturbance history and thermal regime. For a given elevation, streams with the most open
canopy (burned and reorganized history) were the warmest, and streams with the most closed canopy (unburned
history) the coolest.
Rainbow Trout distribution and abundance
In each of the 9 streams selected for sampling, we
established 10 sampling sites at random locations within
stream segments (deﬁned by tributary junctions) nested at
progressively smaller catchments to a minimum of 400 ha
(Table 1, Fig. 1). This stratiﬁed random design allowed
sampling of longitudinal gradients in these streams while
maintaining randomness in the speciﬁc location of the
site. We used segments with watersheds >400 ha because
they were more likely than streams in smaller watersheds
to support perennial surface ﬂow in this system.
During summer 2003, we sampled ﬁsh with 4-passremoval electroﬁshing in sites closed by block nets ∼100 m
in length to estimate abundance of Rainbow Trout >60 mm
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Beaver
Trail
Lost Man
Cottonwood
Hungarian
Lost
Trapper
South Fork Sheep
Wren

Stream

10
10
10
10
10
10
10
10
10

No. sites (n)
Unburned
Unburned
Unburned
Burned
Burned
Burned
Burned and reorganized
Burned and reorganized
Burned and reorganized

History
7/15–8/14
8/1–8/14
9/10–10/2
7/17–7/31
8/20–9/11
8/15–9/9
7/14–7/30
8/6–8/27
9/15–9/25

Dates sampled
(dd/mm/2003)
105 (85–125)
98 (95–102)
100 (94–107)
101 (94–108)
105 (96–118)
100 (94–114)
106 (101–111)
101 (95–108)
100 (95–105)

Site length (m)
0.07 (0.05–0.09)
0.09 (0.05–0.10)
0.10 (0.08–0.15)
0.41 (0.33–0.52)
0.11 (0.09–0.15)
0.46 (0.31–0.65)
0.05 (0.04–0.07)
0.12 (0.08–0.16)
0.06 (0.04–0.08)

Average depth (m)

Table 1. Mean (range) characteristics of sampling sites in headwater streams of the Boise National Forest, Idaho.

0.37 (0.29–0.60)
0.46 (0.39–0.55)
0.45 (0.35–0.63)
0.41 (0.33–0.52)
0.43 (0.36–0.66)
0.46 (0.31–0.65)
0.35 (0.24–0.54)
0.58 (0.38–0.82)
0.41 (0.27–0.60)

Maximum depth (m)

4 (3–6)
4 (2–6)
4 (2–5)
5 (3–8)
5 (3–7)
6 (2–12)
5 (4–7)
12 (8–16)
6 (4–8)

Gradient (%)

1386 (1329–1472)
1544 (1491–1618)
1741 (1565–1863)
1410 (1055–1692)
1381 (1289–1495)
1531 (1421–1621)
1519 (1419–1620)
1486 (1229–1692)
1428 (1359–1485)

Elevation (m)
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Figure 1. The upper Boise River basin, with shading to indicate elevation and blue lines to represent stream and river systems.
Primary river channels and streams selected for sampling are labeled, and closed circles represent locations where Rainbow Trout
distribution and abundance data were collected. Wildﬁre years are indicated by color of outlines around ﬁre perimeters. Intensity of
red shading corresponds to ﬁre severity. Spatial resolution of ﬁre severity mapping was greatest for 2000 and 2003 wildﬁres.

(fork length, FL; see Rosenberger and Dunham 2005 for a
more detailed description of ﬁsh sampling methods). Streams
were sampled by 3 teams in a temporal sequence that avoided
confounding time of sampling with disturbance category
(Table 1; histories listed as unburned, burned, and burned
and reorganized, respectively; early summer: Beaver, Cottonwood, and Trapper creeks; mid-Summer: Trail, Hungarian, and South Fork Sheep creeks; late summer: Lost Man,
Lost, and Wren creeks). All individuals captured were tallied, anaesthetized, and measured for FL. We converted
counts of Rainbow Trout >60 mm FL to abundance estimates by applying models of 4-pass electroﬁshing sampling eﬃciency (Rosenberger and Dunham 2005). We converted abundances to densities (no./m2 stream area) based
on measurements of average stream width and the total
length of stream sampled.
We examined diﬀerences in densities among disturbance histories with a mixed-design analysis of variance
(ANOVA) with disturbance history as the ﬁxed-eﬀects
factor (burned, unburned, and burned and reorganized)
and stream (n = 9, 3 in each disturbance history) as the

random-eﬀects factor. Densities of age 1+ ﬁsh were log10(x)transformed to meet normality assumptions, and Scheﬀe’s
multiple comparisons were used to examine differences
among disturbance types.

Individual characteristics of Rainbow Trout
In early October 2003, we collected 20 Rainbow Trout
from each of the 9 streams (n = 180). We began singlepass electroﬁshing 300 m upstream from the conﬂuence
of the stream with the Middle or North Forks of the
Boise River, with the exception of Cottonwood Creek.
The watershed of a small length of stream upstream of
the mouth of Cottonwood Creek was only lightly burned;
therefore, ﬁsh sampling began ∼300 m upstream of the
downstream extent of the stand-replacing wildﬁre in this
system, which encompassed most of the Cottonwood Creek
watershed (Fig. 1). We euthanized Rainbow Trout selected
for our study with MS222, then measured, weighed, and
dissected them to remove stomach contents and to note
stage of maturity. In late autumn, we concluded that indi-
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viduals with maturing gonads after the summer growing
season were ready to spawn the following spring (assuming overwinter survival). If the individual was maturing, we
identiﬁed sex. Maturing females had distinctive, uniformly
large eggs, and immature females had grainy or clear gonads. Testes of maturing males were milky white and enlarged, whereas immature males had thin, translucent, or
transparent gonads.
For lipid content analysis (% dry mass to the nearest
0.01%), we immediately froze 20 individuals/stream in
the ﬁeld with dry ice and sent them to a food laboratory,
where lipid content was measured using the acid hydrolysis method (AOAC 1997). Because of the limited sample size, we combined data from streams with a common
disturbance history to examine diﬀerences among disturbance types in ﬁsh lipid content. We used a ﬁxed-eﬀects
ANOVA model, with disturbance history and FL of ﬁsh
as ﬁxed eﬀects and Scheﬀe’s multiple comparisons to examine diﬀerences among disturbance histories.
In late September 2004, we revisited a subset of the
9 streams to collect additional information on growth and
maturity of individual Rainbow Trout before winter and
the spring spawning season (McMillan et al. 2012). Cottonwood (burned history) and South Fork Sheep (burned
and reorganized history) creeks were omitted because of
logistical and time constraints. As with the lipid analysis,
we began sampling 300 m upstream from the stream conﬂuence and proceeded upstream with a single pass. We
collected ﬁsh, anaesthetized them with MS222, and measured and classiﬁed them as immature, maturing male, or
maturing female.
We used 2 approaches to obtain data on ﬁsh maturation and sex: 1) ﬁsh were euthanized with MS 222 and dissected for visual determination of maturity and sex (n =
284) or 2) endoscopic examination (n = 139; Swenson
et al. 2007). Endoscopy is a nonlethal technique, and the
primary source of error using this approach is occasional
misclassiﬁcation of immature individuals or maturing females as maturing males (error rate = 5%) because visceral fat can be mistaken for testes using this technique
(Swenson et al. 2007). To eliminate this source of error,
individuals identiﬁed as maturing males through the endoscope were euthanized with anesthetic and dissected
to verify the endoscope diagnosis visually.
We obtained information on ﬁsh age from autumn
collections by removing otoliths and scales from euthanized individuals and scales from individuals released after endoscopy (Murphy and Willis 1996). We veriﬁed the
accuracy of scale age estimates through comparison with
otoliths (100% concurrence; 4 y maximum age). Otoliths
and scales were scored independently by 2 observers using a dissecting microscope and lateral light source. In the
case of discrepancies in estimated ﬁsh age (5% of scale
observations), a 3rd observer and consultation between
the 2 previous observers resolved all discrepancies.
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We used ANOVA (with age as a covariate and Scheﬀe’s
multiple comparisons) to examine diﬀerences in log10(x)transformed length-at-age collected on individual ﬁsh in
autumn 2004 among disturbance histories. We summarized maturation for ﬁsh collected from streams in each
disturbance history (streams combined) by age and used a
χ2 test for heterogeneity to examine diﬀerences among disturbance histories in % immature, maturing male, and maturing female by age (age 0, 1+, and 2+).
We conducted all statistical analyses in the Statistical
Analysis System (SAS/STAT software, version 9; SAS Institute, Cary, North Carolina), with the exception of the
mixed-eﬀects ANOVA, which was conducted in Mathematica 8 (Wolfram Research, Champaign, Illinois), and
the χ2 analyses, which were hand-calculated. α-values for
statistical signiﬁcance were set at 0.05.

®

Individual-based model
We developed an individual-based model (IBM) to investigate if bioenergetic characteristics and territorial feeding behavior of Rainbow Trout could explain the observed
pattern that warmer streams contain fewer, but larger,
ﬁsh. The model also allowed exploration of processes that
were diﬃcult to observe in nature, thereby complementing
the empirical interpretation of processes gained from ﬁeld
observation.
This model evolved conceptually from the model by
Hughes and Grand (2000), which examined the combined
implications of growth physiology and the ideal-freedistribution theory of habitat selection. We used the same
algorithm used by Hughes and Grand (2000) for allocating limited food among competing, satiable individuals
and similar growth and competition submodels (see model
description below) to predict patterns in ﬁsh size and abundance across habitats with contrasting thermal regimes.
However, rather than modeling the patch choice of individuals at a single point in time, our IBM simulated growth
and survival over time of individuals competing within ﬁxed
patches.
Our IBM did not simulate ﬁsh reproduction, complex
decision rules (e.g., predator avoidance or swimming costs),
or additional environmental variability (e.g., water velocity
and depth associated with ﬂow regime) found in other
IBMs (e.g., Railsback and Harvey 2002). Instead, predictions emerged only from the competitive interactions of
individuals whose growth, mortality, and competitive abilities depended on prior growth. Our model is not appropriate for making absolute predictions of ﬁsh size and density in nature because of its deliberate simplicity. Our
intent was to apply the model to explore how 2 key mechanisms should aﬀect the relative population and individual
responses to diﬀerent thermal regimes in a simpliﬁed environment isolated from the confounding factors of a real
stream or other habitat alterations that may occur as a
result of wildﬁre history (e.g., diﬀerences in food resources).
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Figure 2. Year-long stream temperature input for the individual-based model representing diﬀerences in temperature among
unburned, burned, and burned and reorganized headwater streams in the Boise River basin. Ticks on the x-axis represent ﬁrst day of
the month indicated.

The model was implemented in Mathematica 8 (see Appendix S1 for the source code and a pdf ﬁle).
We developed temperature scenarios for the 3 modeled burn histories from ﬁeld data collected from Boise
River headwater streams (Fig. 2). We placed temperature
loggers (Tidbit ; Onset Computer Corporation, Pocasset,
Massachusetts) adjacent to each ﬁsh sampling location
(10 loggers/stream). For purposes of the simulation, we
chose temperature data from a single logger/stream, and
we chose 3 sites similar in elevation (unburned: 1309–
1473 m asl; burned: 1294–1441 m asl; burned and reorganized: 1271–1416 m asl). We averaged temperature
data from mid-June through mid-October 2003 within
disturbance history categories (n = 3 records/disturbance
category) to produce daily summer temperatures representative of each disturbance history. During winter, we
monitored temperatures in 1 stream for each disturbance
history category: Beaver Creek (unburned; elevation 1285),
Lost Creek (burned; elevation 1426), and Trapper Creek
(burned and reorganized; elevation 1399). Mean summer
values were combined with these winter data to produce
a 1-y temperature scenario for each disturbance category.
No data were available for September 2 through October 9 and for June 9 through July 1. We ﬁlled these gaps
via linear interpolation between the values at their start
and end.
The model has 3 nonspatially explicit patches, one for
each temperature history from 15 May to 14 October.
Each patch was initialized with 25 Rainbow Trout with
normally distributed wet masses (μ = 10 g, σ = 1 g) approximating a population of age-1 trout in mid-May
based on empirical data. Based on multiple initial simulations, this number of ﬁsh was large enough to resolve
diﬀerences between burn histories and small enough for

™

timely computation. Each patch received the same set of
ﬁsh with each model run, assuring that diﬀerences in
response among patches were not driven by random differences in initial conditions.
The state of each individual trout (wet mass [g] and
whether it was alive or dead) was simulated at a daily
time step from 15 May until the end of the ﬁrst calendar
year. The daily maximum ration and competitive mass
for each ﬁsh were calculated from submodels described
below. The food in the patch (determined by a constant
renewal rate [J/d] that was equal among patches) was
allocated among these ﬁsh in proportion to their competitive masses. If any ﬁsh was allocated more than its
maximum ration, the allocation loop was run again to
distribute the remainder among the unsatiated ﬁsh in the
same manner. This loop repeated until all food was distributed or all ﬁsh satiated. After the food was allocated,
growth was calculated, and a ﬁsh ‘died’ if growth declined
below a threshold percentage (80%) of its maximum mass.
The model recorded all state variables and several derived
attributes, such as daily food use, maximum wet mass, and
competitive mass, for every ﬁsh on every day. Results were
observed as plots of the mass, growth, and food use of
each individual vs time, or of patch population statistics,
such as live ﬁsh count and mean ﬁsh mass.
The bioenergetics model developed by From and Rasmussen (1984) and Rasmussen and From (1991) was used
to predict Rainbow Trout growth as a function of mass,
ration, and temperature. The model was calibrated with
high-energy-density pellet food, so the estimates of growth
on maximum rations were unreasonably large for ﬁsh subsisting on natural food (G. Rasmussen, Technical University of Denmark, National Institute of Aquatic Resources,
Freshwater Fisheries, unpublished data). To account for
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this eﬀect, we incorporated a parameter to limit the maximum daily ration to 30% of the pellet-derived value. This
percentage represents the combined eﬀects of factors (e.g.,
low energy density or low prey encounter rate) that limit
energy intake from wild prey compared to pellets (except
for competition, which is treated separately). Our focus
was on relative diﬀerences among thermal inputs rather
than absolute predictions of ﬁsh length, so we made the
simplifying assumptions of indeﬁnite growth and did not
assign maturity to individuals.
Competitive mass was modeled as a simple power function of wet mass:
competitive mass ¼ ðwet massÞγ :

(Eq. 1)

In combination with the iterative food allocation algorithm
and satiation limits, this equation models a broad continuum of competitive scenarios. At γ = 0, all ﬁsh obtain an
equal amount of food until satiated. At large values, such as
γ = 100, subdominant individuals get practically no food
unless all larger (more dominant) individuals are satiated.
Model output was examined with γ ranging from 0 to
>100, but we selected the value of γ = 2 because it best
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reﬂects the territorial nature of stream salmonids, in which
larger individuals claim better territories, but even poor
territories oﬀer some food (Hughes 1992, Keeley 2000).

R E S U LT S
Rainbow Trout distribution and abundance
Rainbow Trout were the dominant salmonid species
(>95% of salmonids captured) in the study streams and
were found in all study sites (Dunham et al. 2007). Bull
Trout (Salvelinus conﬂuentus) and introduced Brook Trout
(Salvelinus fontinalis) were sporadically distributed in relatively low numbers. Other species captured included Shorthead Sculpin (Cottus confuses) and tailed frog larvae (Ascaphus montanus).
Density estimates for Rainbow Trout >60 mm overlapped among streams with diﬀerent disturbance histories.
However, examination of length-frequency histograms indicate that young-of-the-year (hereafter, age-0 ﬁsh) were
growing larger than our 60-mm cutoﬀ by the middle and
end of the growing season, particularly in warmer, wildﬁre-aﬀected streams (Fig. 3). Therefore, we decided that

Figure 3. Length-frequency histograms of Rainbow Trout captured in 10 sites (combined) at each of 9 headwater streams in the
Boise River basin. Fish >60-mm fork length (FL) to the right of the dotted line recruit predictably to electroﬁshing sampling gear
(Rosenberger and Dunham 2005). Histograms are organized by disturbance type in rows (UB = unburned, BR = burned, RB = burned
and reorganized).
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Figure 4. Densities of age-1+ Rainbow Trout (no. ﬁsh/m2 stream area) in sites (n = 10/stream), ordered from the most downstream to most upstream according to disturbance history (UB = unburned, BR = burned, RB = burned and reorganized). Modeled
abundance estimates with 95% conﬁdence intervals (CIs) were used to calculate trout densities (and corresponding CIs).

the 60-mm cutoﬀ was not appropriate for comparisons
among streams, and we adjusted abundance estimates to
remove probable age-0 individuals (based on cutoﬀs interpreted from length-frequency histograms; Figs 3, 4).
When we restricted density estimates to probable age1+ ﬁsh, we observed signiﬁcant diﬀerences based on
stream disturbance history. Lowest densities occurred in
streams with burned and reorganized histories, and highest densities occurred in streams with unburned histories
(ANOVA, disturbance history: F = 68.3, df = 2, p <
0.001; stream eﬀect: F = 4.6, df = 6, p < 0.001; Fig. 4).
Scheﬀe’s pairwise comparisons indicate that streams with
burned and reorganized histories had signiﬁcantly lower
densities of age-1+ ﬁsh than did streams with other disturbance histories, but densities did not diﬀer signiﬁcantly
between streams with burned and unburned histories.

Individual characteristics of Rainbow Trout in autumn
Lipid content of Rainbow Trout captured in autumn
2003 corresponded with the disturbance history of the
stream of origin and was positively related to FL (General
Linear Model, F = 14.11, df = 4, p < 0.001, R2 = 0.49;

disturbance history [class variable]: F = 17.0, df = 2, p <
0.001; FL: F = 15.7, df = 1, p < 0.001). Rainbow Trout in
streams with burned and reorganized histories had lower
lipid content than Rainbow Trout in streams with burned
or unburned histories (Least Signiﬁcant Means: unburned =
4.67%, burned = 4.97%, burned and reorganized = 4.23%
lipid). Fish in streams with burned and reorganized histories had signiﬁcantly lower lipid content than ﬁsh in
streams with burned histories (p = 0.002).
Fish sampled in autumn 2004 were primarily age-0 and
age-1 individuals (Fig. 5A, B). Log10(x)-transformed lengthat-age for 0 to 3-y-old individuals diﬀered signiﬁcantly between disturbance histories (General Linear Model, F =
204.04, df = 4, p < 0.001, R2 = 0.67; disturbance history,
F = 116.7, df = 2, p < 0.001; Age: F = 376.5, df = 2, p <
0.001). Trout in warmer streams with burned and reorganized histories had the greatest length-at-age, and trout
in cooler streams with unburned histories the smallest
(Scheﬀe multiple comparisons, p < 0.001; Fig. 5A).
In autumn, trout in the warmer streams with burned
and burned and reorganized histories displayed an earlier
onset of maturity (Fig. 5B). Most age-0 individuals were
immature, and the proportion of maturing individuals did
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streams with burned histories, and proportions of individuals in diﬀerent maturity categories did not diﬀer among
disturbance histories ( χ2 = 1.6, p = 0.45; Fig. 5B).

Figure 5. A.—Box-and-whisker plot showing ﬁsh fork length
(FL) by age class and disturbance history of headwater streams
with unburned (UB), burned (BR), and burned watersheds with
channel reorganization (RB) in the Boise River basin. Lines in
boxes are medians, box ends are quartiles, whiskers represent
the interquartile range, and dots are outliers. B.—% occurrence
of ﬁsh in each age and maturity category captured in UB, B,
and BR streams in autumn 2004.

not diﬀer among disturbance histories ( χ2 = 2.9, p =
0.23). All age-0 individuals in streams with unburned histories were immature, but we observed a low incidence of
maturing males (3 and 6% in streams with burned and
burned and reorganized histories, respectively) of this age
in all streams with a burned history and 1 age-0 maturing
female (veriﬁed via otolith age) in a stream with burned
and reorganized history (Fig. 5B).
Onset of maturation for age-1 individuals diﬀered
among disturbance histories ( χ2 = 70.7, p < 0.001; Fig. 5B).
Most age-1 individuals in streams with unburned histories were immature (93%), and the incidence of maturing
males was low (7%). In streams with burned histories,
age-1 maturing males were observed frequently (28%), but
no age-1 maturing females were found. In burned and reorganized streams, 17% of age-1 individuals collected were
maturing females, and 50% were maturing males. Sample sizes of age-2 individuals were small, particularly for

Individual-based model
In the individual-based modeling environment, warmer
patches corresponding to burned and burned and reorganized temperature regimes contained fewer and larger ﬁsh
when food supply was not suﬃcient to sustain every ﬁsh
in each patch throughout the summer (Fig. 6A, B). This
pattern emerged in June, when temperatures were consistently higher in streams with burned histories (Fig. 2).
Warmer temperatures resulted in faster growth and greater
food use by well fed, dominant trout. Subordinate competitors declined faster than those in cooler water because
the dominant individuals left less food and because subordinates lost more mass on poor rations at higher temperatures. The faster growth of dominant individuals and
decline of subordinates resulted in larger variance in ﬁsh
size and growth rate in warmer streams (Fig. 7A–F). Mean
size of individual ﬁsh did not show a consistent pattern
until the late June portion of the simulation because the
early decline in small ﬁsh roughly compensated for the
improved growth of large ﬁsh. Subordinate competitors
perished earlier in warm streams (mid-July; Fig. 7A–C),
and this loss of the smallest individuals decreased the population size and increased mean ﬁsh size, generating a
ubiquitous pattern that continued throughout the summer
simulation (Fig. 6A, B). The death of poor competitors left
more food available for all ﬁsh unless γ was very large, and
this eﬀect slightly strengthened the pattern in ﬁsh size.
With enough food to sustain all ﬁsh, abundance equalized across patches, and the pattern of larger ﬁsh in warmer
streams remained. However, this pattern was generated
entirely by diﬀerential growth rates and not by the higher
mortality of small ﬁsh. A rare exception to this pattern
occurred when there was just enough food to sustain all
ﬁsh, but not enough for all of them to grow well. Under
these conditions, dominant ﬁsh had very little advantage.
In this scenario, ﬁsh grew faster in cooler streams.
DISCUSSION
Rainbow Trout were widespread and continuously distributed in headwater streams of the Boise River basin regardless of the history of wildﬁre and channel disturbance.
The most dramatic and consistent disturbance eﬀect in
sampled headwater streams of the Boise River basin is an
increase in temperature, concomitant with a decrease in
canopy cover (Dunham et al. 2007). This result agrees with
published research that suggests Rainbow Trout can thrive
in headwater streams after wildﬁre-related disturbances
and consequent alteration of habitat (Howell 2006, Dunham et al. 2007, Sestrich et al. 2011). However, these
populations were fundamentally altered by the history of
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Figure 6. Mean Rainbow Trout abundance (A) and mass (B) over 25 individual-based simulations of 3 temperature regimes
associated with disturbance histories of headwater streams with unburned (UB), burned (BR), and burned watersheds with channel
reorganization (RB) in the Boise River basin.

Figure 7. Individual growth histories of age-1 Rainbow Trout in simulations of 3 temperature regimes associated with disturbance
histories of headwater streams with unburned (UB) (A, D), burned (BR) (B, E), and burned watersheds with channel reorganization
(RB) (C, F) in the Boise River basin. Each line tracks the daily mass (A–C) or growth (D–F) of one of 25 individuals in a representative model run with a constant food supply (21 kJ/d) in each patch and competition exponent γ = 2 (Appendix S1). A vertical line
at the end of an individual’s trajectory indicates mortality. The higher variance in daily growth in warmer streams results in earlier
mortality of small ﬁsh and a larger average mass among ﬁsh remaining alive, generating the patterns observed in Fig. 6. Note earlier
loss of subordinate individuals in the simulation following a period of negative growth and the increased size of those ﬁsh remaining
in the burned and reorganized category (C, F).
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wildﬁre in their watersheds. If we considered only older
age classes (age-1+), trout abundances were highest in
streams in unburned watersheds and lowest in reorganized streams in burned watersheds. We also observed
diﬀerences in characteristics, including condition, lengthat-age, and age-at-maturity, of individual Rainbow Trout
among our stream types. Rainbow Trout in the warmest
systems with a history of the severest disturbances were
larger in size at-age, had lower lipid content, and were maturing earlier compared to those in cooler streams without a history of severe disturbance.
Diﬀerences in Rainbow Trout populations among disturbance histories could be caused by multiple factors,
including stream channel features, cover, ﬂow regimes,
and diﬀerences in invertebrate prey resources (Rieman
et al. 2005, Rosenberger et al. 2011). We posited that temperature diﬀerences among disturbance histories alone
could drive observed diﬀerences in Rainbow Trout populations based on the interplay of temperature, competition, and bioenergetics. Results from the individual-based
model reproduced relative diﬀerences among disturbance
histories in ﬁsh density and size-at-age, even without
other plausible mechanisms incorporated into our model
(e.g., size-selective predation or diﬀerences among stream
disturbance histories in food availability). Model simulations showed greater growth disparity between strong and
weak competitors in warmer streams, leading to higher
mortality of the small ﬁsh and a population of fewer, but
larger ﬁsh. The observed trend in population density follows logically from the greater food needs of faster growing ﬁsh in warmer water, potentially combined with the
propensity of territorial salmonids to defend foraging locations (Grant et al. 1998). Our model excludes much of
the complexity of natural systems (e.g., potential emigration of weaker competitors rather than mortality), but it
suggests that the mechanisms we investigated should produce a tendency toward the patterns and relative diﬀerences observed among streams with diﬀerent thermal regimes. However, it does not eliminate the possibility that
other factors also may play a role in observed diﬀerences
among Rainbow Trout.
Our results can be associated with ecological mechanisms that lead to simultaneous changes in environmental conditions and species traits (Warren and Liss 1980).
When an environmental characteristic, such as temperature, changes, a species may adapt through altered rates
of growth and maturation (Fraker et al. 2002, Morita and
Nagasawa 2010, Sloat et al. 2014). Within its optimal range,
ﬁsh growth tends to increase with temperature if adequate
food supplies are available (Brett 1952, 1979, Bear et al.
2007), at a potential cost to lipid levels relative to ﬁsh in
cooler temperatures within that range (Tocher 2003).
Both growth and lipid content are positively associated with earlier age at maturity for salmonines (Thorpe
et al. 1998, McMillan et al. 2012, Sloat et al. 2014), par-
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ticularly for males, because ﬁtness is less size-dependent
for males than for females (Fleming and Reynolds 2004).
We observed larger size-at-age and earlier maturity for
both males and females in warmer streams. The observation of a maturing age-0 female Rainbow Trout in a
burned and reorganized stream is particularly remarkable.
In this case, size acquisition probably was important for
the onset of maturity, but lower lipid content of ﬁsh in
warmer systems could delay maturity (Sloat et al. 2014).
Lipid levels in our study were lower overall than observed
for this species in other locations (McMillan et al. 2012).
Greater numbers of the age-1 ﬁsh are maturing in
warmer systems, suggesting a demographic shift in these
populations. Our study streams are adjacent to one another in the same drainage (Fig. 1), and the Rainbow
Trout populations are not genetically distinct (Neville et al.
2009). Therefore, we suspect that observed diﬀerences
among individuals reﬂect phenotypic plasticity of Rainbow Trout under diﬀerent thermal regimes rather than
local adaptation to thermal regimes leading to genotypic
diﬀerences among populations.
In addition to factors, such as stream ﬂow, cover, or
prey resource availability, our model did not include all
potential temperature-driven mechanisms that could lead
to similar patterns (e.g., reproductive ecology). The diﬀerences in FL of age-0 Rainbow Trout among disturbance
histories (especially their greater length in warmer streams)
may be related to earlier emergence from redds as a result of warmer incubation conditions (e.g., Beacham and
Murray 1987, Heck 2007). Furthermore, model results depended critically on the fact that water temperatures never
exceeded tolerance levels for Rainbow Trout for extended
periods of time. Fish further downstream in these systems
may experience such conditions (Dunham et al. 2007), but
may be able to migrate upstream during these periods of
stress (Wurtsbaugh and Neverman 1988, Breau et al. 2011,
Armstrong et al. 2013). If any of the streams, particularly
those with severely burned watersheds and reorganized
channels, chronically exceed the tolerance threshold throughout the system, we anticipate a diﬀerent, or less predictable,
outcome.
Many investigators who examine eﬀects of habitat alteration on ﬁsh populations focus on patterns of ﬁsh abundance, density, or distribution, without investigating mechanistic explanations for observed patterns (e.g., Howell
2006, Dunham et al. 2007). By closely examining individual length-at-age, condition, and maturation of Rainbow
Trout, we found that a legacy of wildﬁre and channel disturbance aﬀects ﬁsh in a more complex manner than distribution and density responses alone would suggest, particularly if we considered only density estimates of all ﬁsh
>60 mm in length rather than estimating densities of ﬁsh
age-1 or older. We suggest that these patterns are largely
a result of increased stream temperature, a signiﬁcant,
long-term eﬀect of stand-replacing wildﬁre on aquatic sys-
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tems that can persist through intermediate time scales (i.e.,
several years to decades; Dunham et al. 2007, Mahlum
et al. 2011) and aﬀect the ecology and life history of
resident organisms (McMillan et al. 2012, Sloat et al.
2014). We would expect disturbance-related temperature increases to be more detrimental in habitats that
were thermally marginal before the disturbance, such as
those at the southern edge of the range of Rainbow Trout,
and the persistence of those trout populations may require
other mechanisms of resistance, such as movement to
thermal refugia (Kaeding 1996).
The apparent mechanisms underlying our results should
apply similarly to other disturbances that alter stream temperature regimes, from anthropogenic deforestation (Quinn
and Wright-Stow 2008) to global climate change (Isaak
et al. 2012). Riverine salmonids share the same qualitative relationship between growth, food, and temperature
and similar territorial interference competition, so climate
change could result in similar demographic shifts in other
salmonid populations. We suggest that studies examining
implications of climate change or wildﬁre history for salmonids be focused not only on those areas where temperatures are marginal for survival, but also in systems that
do not exceed the capacity of the species to adapt, where
plasticity in response and diversity in life history may be
key to apparent resilience.
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