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Abstract: Freshwater ecosystems are warming globally from the direct effects of climate change
on air temperature and hydrology and the indirect effects on near-stream vegetation.
In fire-prone landscapes, vegetative change may be especially rapid and cause
significant local stream temperature increases but the importance of these increases
relative to broader changes associated with air temperature and hydrology are not well
understood. We linked a spatially explicit landscape fire and vegetation model
(FireBGCv2) to an empirical regression equation that predicted daily stream
temperatures to explore how climate change and its impacts on fire might affect stream
thermal conditions across a partially forested, mountainous landscape in the western
U.S.  We used the model to understand the roles that wildfire and management actions
such as fuel reduction and fire suppression could play in mitigating stream thermal
responses to climate change. Results indicate that air temperature increases
associated with future climates could account for a much larger proportion of stream
temperature increases (as much as 90% at a basin scale) than wildfire. Similarly, land
management scenarios that limited wildfire prevalence had negligible effects on future
stream temperature increases. These patterns emerged at broader spatial scales
because wildfires typically affected only a subset of a stream's network.  However, at
finer spatial and temporal scales stream temperatures were more sensitive to wildfire.
Although wildfires will continue to cause local, short-term effects on stream
temperatures, managers of aquatic systems may need to find other solutions to cope
with the larger impact from climate change on future stream warming that involves
adapting to the increases while developing broad strategies for riparian vegetation
restoration.
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1. Introduction 1 

Aquatic ecosystems are warming due to climate change (Isaak et al. 2012; Schneider and Hook 2010; 2 

Webb and Nobilis 2007) and are predicted to continue warming this century (Mantua et al. 2009; 3 

Mohseni et al. 2003; Van Vliet et al. 2013).  Global circulation models project global mean air 4 

temperatures increases from 1.1–6.4°C over the next century (Bates et al. 2008; Houghton et al. 2001).  5 

This will cause warming of aquatic environments through sensible heat transfer, long-wave atmospheric 6 

radiation, and ground and surface water heating (Gunawardhana and Kazama 2011; Webb et al. 2008).   7 

Global warming may also indirectly affect stream temperatures by changing riparian vegetation that 8 

provides shade along streams (Amaranthus et al. 1989; Dwire and Kauffman 2003; Dunham et al. 2007).  9 

Such vegetative alterations are occurring globally as terrestrial ecosystems adapt to changing drought 10 

and heat stress (Allen et al. 2010), and increased wildfire activity.  Fire-prone landscapes in particular are 11 

anticipated to experience rapid and substantial shifts in wildfire across areas in the western US, 12 

Mediterranean, Australia (Moritz et al. 2012), South America, central Asia, and Northern Hemisphere 13 

Africa (Kloster et al. 2011).   14 

Wildfires may have dramatic effects on vegetation in riparian areas, and concomitant increases in 15 

stream temperatures are well documented. At small spatial scales (site to stream scale), these 16 

temperature increases may be large (e.g., > 2.0°C) but the amount of change varies depending on fire 17 

severity and local context (Dunham et al. 2007; Hall and Lombardozzi 2008; Mahlum et al. 2011; 18 

Minshall et al. 1997; Rhoades et al. 2011; Sestrich et al. 2011).  Less research has focused on the 19 

importance of wildfire induced stream temperature increases at river network scales, but some 20 

evidence suggests wildfire effects are smaller when viewed more broadly (Isaak et al. 2010).  Resolving 21 

this apparent discrepancy is important because wildfire suppression and fuel treatment programs are 22 
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sometimes proposed to offset the effects of climate warming on sensitive aquatic species which can be 23 

expensive to implement (Luce et al. 2013).   24 

Here, we evaluate how thermal characteristics of streams across a mountain basin in the western United 25 

States might be influenced by climate change including direct and indirect effects. To accomplish this 26 

goal, a spatially-explicit, process-based ecosystem model (Keane et al. 2011) was used to simulate fire 27 

and forest dynamics under climate change scenarios. Outputs from that model were linked to an 28 

empirical stream temperature model developed from local monitoring data. This linked model system 29 

was used to assess the influence of a warming climate on fire regimes and their synergistic effect on 30 

stream temperatures at a variety of spatial scales, and to assess the effectiveness of fire management 31 

strategies at reducing future stream warming.  32 

2. Methods 33 

2.1. Study area 34 

Our study area is the East Fork Bitterroot River (EFBR) basin, a snowmelt-dominated, 105,487-ha 35 

watershed (elevations, 1,225–2,887 m) in west-central Montana, USA (Fig. 1).  This area has experienced  36 

recent fire  (55,000 ha burned in 2000 and 4,000 ha in 2007) and has an extensive weather record 37 

(1956–present) and stream temperature (1993–present) datasets.  Annual precipitation averages 41 cm 38 

(range, 26–57 cm) with most falling as snow from November to March.   Flows peak in May and June as 39 

warming temperatures melt the snowpack.  The area has primarily a mixed-severity historical fire 40 

regime (Arno et al. 2000) with short intervals between low-to-medium intensity fires (mean frequencies 41 

of 11–30 years) except in steep terrain, lower-subalpine, and north-facing slopes where stand-replacing 42 

fires can occur (Arno 1976).  A variety of native fish inhabit the basin including westslope cutthroat trout 43 

(Oncoryhnchus clarkii lewisi), slimy sculpin (Cottus cognatus), mountain whitefish (Prosopium 44 
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williamsoni) and longnose suckers (Catostomus catostomus), and the watershed is a core conservation 45 

area for bull trout (MBTSG 1995).    46 

2.2. Model description 47 

2.2.1.  FireBGCv2 landscape simulation model 48 

Spatially explicit ecosystem landscape models can address questions about climate-induced changes in 49 

landscape pattern (Turner et al. 1995) and land management measures (Cushman et al. 2011) through 50 

integrating climatic influences on biogeochemical cycles, vegetation dynamics, disturbance regimes, and 51 

hydrologic processes (Littell et al. 2011).  We used the landscape ecosystem process model FireBGCv2 52 

which assimilates a mechanistic, individual tree succession model with a spatially explicit fire model to 53 

stochastically simulate fire ignition, spread, and its effects on ecosystem components (Keane et al. 54 

2011).  FireBGCv2 has been well described (Keane et al. 2011), and we present a brief synopsis as well as 55 

model inputs, calibration, and validation for the EFBR in Online Resource 1.  56 

2.2.2. Stream temperature regression model 57 

We assembled a 9-year stream temperature database (2001–2009) from 116 sites distributed widely 58 

throughout the EFBR based on monitoring conducted by the U.S. Forest Service (USFS), University of 59 

Montana, and the State of Montana (Fig. 1).  We used data collected during the summer (June–60 

September), the warmest and most thermally stressful period for most aquatic species, and summarized 61 

thermograph readings (typically taken at 0.5- to 2.0-hour intervals) into daily maxima - a metric highly 62 

sensitive to radiation gains associated with loss of riparian shading (Dunham et al. 2007; Isaak et al. 63 

2010).  64 

Predictors for the regression model included a combination of FireBGCv2-derived variables and 65 

topographic variables.  We simulated FireBGCv2 for the period corresponding to the stream 66 
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temperature field dataset, and output a suite of potential dynamic variables describing weather (e.g., air 67 

temperature, relative humidity, precipitation), vegetation (e.g., leaf area index, water potential of soil 68 

and leaves), ecosystem processes (e.g., evapotranspiration, soil temperature), and hydrologic conditions 69 

(e.g., stream discharge).  Topographic characteristics (e.g., elevation, channel slope, drainage size) were 70 

also included since they often affect stream temperatures in montane landscapes (Isaak et al. 2010; 71 

Sloat et al. 2005).  We fit a global model with all predictors and used stepwise procedures to exclude 72 

non-significant predictors to produce the final parsimonious model wherein all predictors were 73 

statistically significant at α < 0.01.  The equation describing the final model included three FireBGCv2 74 

variables and three topographic features, as follows: 75 

                                

           ( )       ( )        (   )         (  )         (   )

     (   )              (  ) 

where T is daily average air temperature (°C), F is stream flow (m3•sec -1), SR is solar radiation (watts•m-76 

2), Elv is elevation (m), Slp is channel slope (drop over length), and CA is contributing area (m2).  An 77 

interaction term between air temperature and streamflow was included to account for how flow 78 

declines during the summer and affects stream temperature sensitivities. The resulting stream 79 

temperature equation accounted for large portions of variability with high predictive ability (daily 80 

maximum rs = 0.84, MAE = 1.70°C, RMSE = 2.21°C), and validation results were reasonably accurate 81 

(Online Resource 2).  We embedded the stream temperature regression model into FireBGCv2 such that 82 

stream temperatures could be predicted for every 30-m pixel in the EFBR stream network at a daily time 83 

step in our simulation experiment. 84 

2.3. Simulation experiment 85 
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We used a 3x3 factorial design to evaluate the effects of two factors, climate and fire management, on 86 

stream temperature where each combination of factorial levels was considered a scenario (Online 87 

Resource 3).  Three climate levels were simulated including: recent climate which we term historical (H), 88 

and A2 (hot, dry) and B2 (warm, wet) to represent potential conditions under future greenhouse gas 89 

emissions (Nakicenovic et al. 2000).   The H scenario was built on a 55-year daily weather record (1956–90 

2010) from the U.S. National Weather Service weather station at Sula (Fig 1).  We used the 91 

meteorological model Mountain Climate (Thornton and Running 1999) to extrapolate the weather 92 

record of daily temperature (minimum, maximum), precipitation, humidity, and radiation to sites across 93 

the EFBR by correcting for elevation, slope, aspect, and lapse rates.  To simulate A2 and B2 climates, we 94 

supplied FireBGCv2 with adjustments to the historical weather for temperature, precipitation, and CO2 95 

levels using offset values relative to a 1950–1999 base period from the Hadley Centre (UK) HadCM3 96 

general circulation model based on an average of grid points corresponding to the Pacific Northwest 97 

region (Mote 2003) from the Intergovernmental Panel on Climate Change Special Report on Emission 98 

Scenarios (Nakicenovic et al. 2000).   Temperature and precipitation offsets were incrementally 99 

increased from present conditions to A2/B2 levels over the first 100 years of simulations and then held 100 

at those levels for 300 years for a total of 400 simulation years. For fire management, we modeled three 101 

types of policy approaches.  As a baseline condition, we represented a fire regime without suppression 102 

(N, for no management) allowing all ignited fires to burn across the landscape.  We simulated an 103 

intermediate management strategy to explore the effects of fuel treatments (F) allowing all ignitions to 104 

burn but implementing prescribed burning and thinning across 7% of the landscape each year, a level 105 

considered effective for moderating fire behavior (Finney et al. 2007). The third level represented 106 

contemporary fire suppression (S) where 90% of ignited fires were extinguished.  We ran model 107 

simulations at daily time steps, and replicated each scenario ten times to create long-term time series 108 

which captured the climate change signal and extreme wildfire events. 109 
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2.4. Analyses 110 

2.4.1. Fire regime characteristics   111 

We evaluated climate and fire management effects on fire regimes using a generalized linear mixed 112 

model (GLMM) approach and two-way ANOVAs.  We tested for significant differences in three variables 113 

describing fire effects:  fire size (ha), biomass consumed by fire (kg • m-2) as a proxy for severity (Keeley 114 

2009), and frequency (number of fires per year).  We used a SAS GLIMMIX procedure to evaluate the 115 

first two fire variables, with climate and fire management factors as the main treatment effects, and 116 

using repeated measures across replicates and years (n ≈ 4,000), accounting for temporal correlation 117 

with a radial smoother (McCarter and Burris 2010).  To analyze fire frequency, we conducted a two-way 118 

ANOVA because data were summarized by replicate and therefore had fewer samples (n = 10).  Multiple 119 

comparisons for fire characteristics were also conducted (Online Resource 4).  Finally, we  examined 120 

how the interplay of fire and vegetation processes affected solar radiation incident on streams using a 121 

two-way ANOVA comparing solar radiation along stream networks across replicates (n = 10).   122 

2.4.2. Stream temperature 123 

We assessed stream temperature response to climate and fire management also using a GLMM 124 

approach at three spatial scales – subwatershed (Fig. 1), inside fire perimeters, and within riparian burns 125 

(Fig. 1, inserts A , B) .  We first summarized each year’s average weekly maximum temperature 126 

(AveWMT) from seven-day running averages of daily temperatures, and then calculated weighted 127 

means of AveWMT at each spatial scale across the appropriate 30-m stream pixels for each simulation 128 

year.    Akaike Information Criterion (AIC) scores (Burnham and Anderson 1998) were used to identify 129 

treatment and covariates of the top fixed-effect model with their interactions for each spatial scale 130 

(Online Resource 5) from an a priori candidate list that included climate and fire management factors, 131 

and two fire covariates describing severity and amount of area burned.  We then tested for significant 132 
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differences in the top model with the GLMM using repeated measures across replicates and years (n ≈ 133 

4,000) and a radial smoother to account for temporal and spatial correlations; we present results for the 134 

Type III tests of fixed effects.  At the subwatershed scale, the response variable was AveWMT, whereas 135 

at the fire-perimeter and riparian burn scales we assessed stream temperature change comparing one 136 

year before to one year after each individual fire to evaluate the greatest possible effects from fire over 137 

short periods.  At the two finer spatial scales, we limited our post-fire time frame to the first year after 138 

fire since the largest effect on the riparian canopy would most likely occur in that year.   We also 139 

narrowed the scope of fire management to two strategies–no management and suppression–140 

eliminating fuel treatment since analyses at the subwatershed scale indicated its fire regime was similar 141 

to no-management.  Finally, multiple comparisons across climates were conducted at each spatial scale 142 

(Online Resource 4).   143 

We also assessed the relative importance of the dynamic predictors (i.e., air temperature, solar 144 

radiation, and stream flow) to changes in AveWMT with climate warming and fire management using a 145 

sensitivity analysis approach.  We included two spatial scales of analysis, basin-wide and within fires, to 146 

evaluate stream temperature sensitivity at the broadest and finest scales.  At the basin scale, we 147 

evaluated which drivers most affected stream temperatures changes from historical to A2/B2 climates. 148 

The effects of each predictor were isolated by holding values for two predictors at their historical values 149 

(averaged across replicates and years for the basin) and changed the value of the third predictor to its 150 

value with climate change (B2, A2), and repeated the process for each predictor, comparing within fire 151 

management strategy.   At the fire scale, we took a different approach – holding input values for two 152 

dynamic predictors at their pre-fire values and changing the value of the third predictor to its post-fire 153 

value, and repeating the process for each predictor, across all three climates and two fire management 154 

scenarios.   155 
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3. Results 156 

3.1. Climate and fire management effects on fire regime and solar radiation 157 

Fire regimes were significantly different across all climates and most fire management strategies and in 158 

their interactions (Table 1).   As climates warmed, fires became larger and more frequent (Fig. 2A–C), 159 

and in the A2 scenario,  severity decreased.  Suppression decreased fire frequency but increased 160 

severity compared to no-management and fuel treatment approaches.  The effect of fuel treatment was 161 

similar to the no-management strategy indicating that higher treatment levels were needed to alter fire 162 

regimes.  Last, solar radiation incident on streams varied among climates, being highest under A2, 163 

lowest under B2, and intermediate in the historical climate; and suppression decreased solar radiation 164 

(Online Resource 4). 165 

3.2. Climate and fire effects on stream temperature 166 

Climate had the greatest impact on stream temperature across all three spatial scales in the GLMM 167 

analyses, while fire severity became more important at local scales.  At the subwatershed scale, the top 168 

model included climate and fire management, both fire covariates, and all two-way interactions (Online 169 

Resource 5), with climate having the greatest influence on stream temperatures (F-value an order of 170 

magnitude larger than all other effects in Type III tests of fixed effects; Table 1).   Stream temperatures 171 

were 5.0°C higher in the A2 climate and 1.7°C higher in the B2 compared to the historical climate (Fig. 172 

2D).   Both fire covariates significantly influenced stream temperature (Table 1), but their effect size was 173 

small.   Increasing fire severity caused only nominal upward trends in stream temperatures in the 174 

historical and B2 climates and a slight cooling trend in the A2 climate; increasing proportions of area 175 

burned produced slight upward trends in stream temperature across all climates with the greatest in the 176 

A2 (Online Resource 6).  At the fire perimeter scale, the top model included climate and fire 177 
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management, one fire covariate (severity), and all two-way interactions (Online Resource 5), and climate 178 

and fire severity had the strongest influences on stream temperature change (similar F-values of 3.46 179 

and 3.85, respectively; Table 1). Stream temperature changes after fire were small and not very 180 

different between climates with median increases of 0.2 to 0.3°C across all climates (Online Resource 7).  181 

Fire severity nominally influenced stream temperatures where temperature increases following fire 182 

trended upward slightly with increasing severity–at most a 0.5°C mean increase at the highest severity 183 

(Online Resource 7).  Similarly, at the riparian burn scale, the top model included the same covariates 184 

with the addition of area burned (Online Resource 5), and climate and fire severity again had the 185 

greatest influences on stream temperature change (F-values of 4.13 and 5.59 respectively; Table 1).  The 186 

level of effect from severity was relatively small with median stream temperature increases following 187 

fire between 0.3 to 0.4°C across all climates and a slight trend towards greater temperature responses 188 

with increasing severity (Online Resource 7). 189 

Similarly, sensitivity analyses indicated that air temperature was the main driver of stream temperature 190 

change but solar radiation became more important at a finer scale.  At the basin scale, air temperature 191 

accounted for 90% or more of stream thermal changes across all climate and fire management scenarios 192 

(Fig. 3A).   Solar radiation was the next most important factor, contributing 4% or less to stream 193 

temperature changes, with the exception of the B2 climate with suppression which accounted for 12%, 194 

and stream flow had only a minor effect (<1%).  Within fires, air temperature accounted for 71% of 195 

stream temperature change, followed by solar radiation (23%), with stream flow having a minor effect 196 

(6%; Fig 3B).   197 

4. Discussion 198 

Our results suggest that future climate conditions will cause major changes to fire regimes in the EFBR 199 

but the rise in air temperatures from climate warming will have larger systemic effects on stream 200 
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temperatures than vegetative changes related to wildfire activity or management measures.  Fires 201 

increased in size and frequency in our climate change simulations, being most extreme in the A2 202 

(essentially doubling).  Fire suppression also clearly altered fire regimes (doubling severity and 203 

decreasing frequencies by about 90%), including concomitant increases to stream-side solar radiation.  204 

Yet regardless of scale, these significant changes to wildfire induced only nominal effects to stream 205 

temperature compared to the overarching influence of air temperature.  206 

Specifically, at the broadest basin-wide scale, air temperature played the dominant role influencing 207 

stream temperatures while solar radiation changes associated with fire was a minor component across 208 

all climates.  This minimal stream temperature response to fire can in part be attributed to the scale of 209 

assessment in which the total amount of stream network affected by wildfire was relatively small on a 210 

mean annual basis.  At its maximum impact with the A2 climate, 4% of the landscape on average burned 211 

each year and if a similar subset of the stream network burned annually, then on average a relatively 212 

small percentage of streams in the basin would have enhanced solar radiation from fire at any point in 213 

time and at a range of levels depending on fire severities.   Moreover in the A2 climate, reduced fire 214 

severities were indicative of a shift from the historically mixed fire regime to a more frequent, low-215 

severity surface regime which would reduce solar radiation changes along the riparian corridor and 216 

dampen stream temperature responses.   217 

At finer scales, climate remained the dominant factor controlling stream temperature but the relative 218 

effects of wildfire were increasingly larger.  At the subwatershed scale, the greatest response to fire was 219 

in the A2 where streams showed a slight trend towards warmer temperatures as high proportions of 220 

area burned.  That fire effects became apparent at this scale may be because disturbances such as large 221 

fires often alter relative stream temperatures in catchments within basins by affecting processes 222 

associated with hydrology, sediment budgets, and morphology (Poole and Berman 2001), and from 223 
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riparian vegetation loss (Johnson and Jones 2000).   At the finest spatial and temporal scales in this 224 

study, within fires and one year post-fire, stream temperature was again mainly influenced by climate 225 

with air temperature as the key driver.   The role of solar radiation in affecting stream temperature 226 

response to fire was small (at most median increases of 0.5°C, but ranging up to 3°C) yet more 227 

influential than at the basin scale (by about five-fold across climates) emphasizing the greater sensitivity 228 

of stream temperatures to wildfire at spatially local and short-term temporal scales.   229 

Although small, our estimates of stream temperature increase associated with wildfire are within range 230 

of field-based estimates given the scale of observation.  In a study similarly conducted at a basin-wide 231 

scale in a nearby central Idaho river, Isaak (et al. 2010) found that stream temperatures within fire 232 

perimeters increased by 0.65°C.  Larger effects often estimated in other studies may be related to an 233 

over emphasis on high-severity burns and data collection efforts that oftentimes occurred 234 

opportunistically after fires (1°C to 6°C; Dunham et al. 2007; Minshall et al. 1997; Hall and Lombardozzi 235 

2008; Mahlum et al. 2011; Rhoades et al. 2011; Sestrich et al. 2011).    Through model simulations, we 236 

estimated temperature response to fire over a broad range of temporal and spatial conditions, 237 

incorporating variability across 55 weather year types over long time frames (4,000 years) and covering 238 

a complex landscape (105,000 ha) with a large spectrum of interacting biophysical factors and 239 

ecosystem processes.   A substantial range of fire conditions were modeled–with 3,000 to 40,000 fires 240 

per scenario, having low to the highest severities–allowing us to fully explore the relative influences of 241 

climate and fire on stream temperature across the EFBR landscape.   242 

Since fire disturbance only minimally affected stream temperature response across all spatial scales, it is 243 

not surprising that fire management measures also had little effect on in-stream thermal conditions.  244 

Fire suppression in our simulations strongly reduced the extent of landscape burned and increased fire 245 

severities across all climates, but at broad spatial and temporal scales, the effects on stream 246 
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temperature were small compared to the influence from climate change.  Our fuel reduction treatments 247 

(targeting 7% of the landscape per year) did not alter fire regime characteristics or stream temperature 248 

indicating that more intensive treatment, perhaps on the order 20% or more (Collins et al. 2010) were 249 

needed to affect fire regimes.   However given that fire only marginally affected stream temperatures 250 

and that imposing fire suppression did significantly modify fire regimes without noticeable effect on 251 

stream temperatures, we suspect that more intensive fuel treatments would at best only minimally 252 

affect stream temperatures.  We emphasize that our modeling approach implemented both suppression 253 

and fuel treatments to effect change at a landscape scale and over long temporal periods.  We did not 254 

evaluate the benefits from site-specific strategic measures that over short-term periods could facilitate 255 

resilient forest and stream habitats and maintain local thermal refuges.  Rieman et al. (2010) discuss 256 

examples such as focusing treatments at locations sufficiently distant from critical spawning and rearing 257 

habitats of cold-water fish species.  This type of integrated and careful planning will be especially 258 

important for conserving sensitive fish populations as they face particular stressors with climate change 259 

(Luce et al. 2012), while at the same time working to minimize the potential for extensive, high severity 260 

fires in landscapes with mixed-severity fire regimes and a recent history of fire-exclusion (Collins et al. 261 

2010).   262 

Modeling necessitates simplification of real-world processes, and several aspects of our modeling design 263 

limited fully capturing biophysical processes that affect stream temperature.  For example, for the sake 264 

of modeling efficiency, we did not incorporate the downstream accumulation of heat but instead 265 

estimated water temperatures independently at each stream cell based on its predictors (i.e., air 266 

temperature, stream flow, solar radiation, elevation, channel slope, and contributing area).  Including 267 

the influence of upstream conditions required characterizing the hydraulic retention time of water 268 

through each reach and contact time during which energy exchanges occur (Johnson 2003, Poole and 269 

Berman 2001)–a challenging task demanding vastly more simulation time and computer memory.  As 270 
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well, solar radiation estimates used to build the stream temperature regression model contained 271 

uncertainty because data were unevenly distributed across their potential range.  Future studies could 272 

improve solar radiation estimates through the use of high-resolution (e.g., 1×1 m) mapping (Cristea and 273 

Burges 2010) or by intensive field measurements at stream temperature monitoring sites.    274 

Conclusions 275 

Further research and refinements will increase the ability to predict stream temperature responses to 276 

climate change and fire disturbance, but development of this landscape dynamic simulation model 277 

approach was an important step.  It is the first model, to our knowledge, which simulates ecosystem 278 

processes with wildfire disturbance across complex landscapes in a spatially explicit context and 279 

correspondingly predicts effects on stream temperatures (Whitlock et al. 2003; Isaak et al. 2010).  To 280 

summarize, stream temperatures in our modeling processes were governed by three major dynamic 281 

variables–air temperature, solar radiation, and stream flow–and each of these variables was directly 282 

affected by the interplay of other simulated processes.  Air temperature, which had the greatest 283 

influence in our stream temperature model, was the least affected by simulated ecosystem process 284 

interactions and mostly dictated by input weather, with appropriate adjustments when simulating 285 

climate change.  Stream-level solar radiation had the next greatest influence and was estimated based 286 

on vegetation dynamic processes where changing climatic conditions and fire disturbance influenced 287 

forest development.  Stream flow had only a minor influence and was predicted mainly from 288 

precipitation and topography but also influenced by fire as canopy loss due to burns reduced 289 

evapotranspiration rates making more water available to streams potentially decreasing temperatures.   290 

Exploring future climate changes using this mechanistic-based landscape ecosystem model enabled us 291 

to evaluate the potential relative contributions of numerous ecosystem processes, acting across 292 

different spatial and temporal scales, to affect stream thermal dynamics.  Spatial ecosystem process 293 
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models allow the explicit simulation of landscape disturbances (fire) coupled with hydrological flow and 294 

vegetation structural responses (Keane et al. 2011).   In our process-based modeling, we found that air 295 

temperature induced increases in stream temperature with a warming climate; however, the minimal 296 

response in stream temperature to wildfire and fire management strategies was unexpected but depicts 297 

a possible outcome when fire effects are considered at broad temporal and spatial scales and across a 298 

large range of geomorphic, weather, and fire conditions.  While our modeling approach contained 299 

uncertainty in estimating the influence of fire on stream temperature, the relative magnitude of 300 

influence between air temperature and fire disturbance on stream temperatures is reasonable and 301 

highlights the potential limitations of fire management tools to affect or mitigate the impacts from 302 

climate change on stream temperature when considered over long time spans and an extensive 303 

expression of fire effects across a landscape.   Managers of aquatic systems may need to find other 304 

solutions to tackle climate change impacts on stream temperatures perhaps by focusing on simply 305 

adapting to increases or formulating broader strategies for restoration and improvement of riparian 306 

vegetation.  Nonetheless, we stress that when fire management efforts are implemented to reduce fuel 307 

continuity and loading especially for near-term benefits, the spatial context should be carefully 308 

considered to ensure conservation of high-quality riparian habitat in areas critical to sensitive native fish 309 

populations.   310 

Acknowledgements 311 

This research was funded by the Joint Fire Sciences Program under JFSP-09-1002-9.  We thank Violet 312 

Holley, Christie Lowney, Aaron Sparks, Signe Leirfallom, Robin Silverstein, and Pamela Siknink (USFS) for 313 

field assistance, Olga Helmy (University of Montana), Chris Clancy and Leslie Nyce (Montana Fish, 314 

Wildlife and Parks), and Mike Jakober (USFS) for stream temperature data.  We thank Mary Manning 315 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



(USFS) for her contributions to study design and riparian vegetation sampling, and Ruth Wooding and 316 

Melissa Wegner (USFS) for their local knowledge and assistance. 317 

References 318 

Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDowell N, Vennetier M, …Cobb N (2010) A global 319 

overview of drought and heat-induced tree mortality reveals emerging climate change risks for 320 

forests.   Forest Ecol Manag 259(4): 660-684 321 

Amaranthus M, Jubas H, Arthur D (1989) Stream shading, summer streamflow and maximum water 322 

temperature following intense wildfire in headwater streams. In: N.H. Berg (ed) Proceedings of 323 

the Symposium on Fire and Watershed Management: October 26–28, 1988. GTR PSW-109. 324 

Berkeley, CA: USFS Pacific Southwest Forest Range Experiment Station pp. 75–78 325 

Arno SF (1976) The historical role of fire in the Bitterroot National Forest, USFS Intermountain Forest 326 

and Range Experiment Station,  Research Paper INT-187 327 

Arno SF, Parsons DJ, Keane RE (2000) Mixed-severity fire regimes in the northern Rocky Mountains: 328 

consequences of fire exclusion and options for the future. In: Cole DN, McCool SF, Borrie WT, 329 

Loughlin J (eds), Wilderness science in a time of change conference-Volume 5: Wilderness 330 

ecosystems, threats, and management, 1999 May 23–27, Missoula, MT.  Proceedings RMRS-P-331 

15-VOL-5. USFS Rocky Mountain Research Station (RMRS) Ogden, UT, pp. 225–232 332 

Bates B, Kundzewicz ZW, Wu S, Palutikof J (2008) Climate change and water, Technical Paper of the 333 

Intergovernmental Panel on Climate Change. IPCC Secretariat, Geneva, 210 p 334 

Burnham KP, Anderson DR (1998) Model selection and Inference:  a practical information theoretic 335 

approach.  Springer-Verlag, NY. 336 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Collins BM, Stephens SL, Moghaddas JJ, Battles J (2010) Challenges and approaches in planning fuel 337 

treatments across fire-excluded forested landscapes.  J Forest 108(1):24-31 338 

Cristea N, Burges S (2010) An assessment of the current and future thermal regimes of three streams 339 

located in the Wenatchee River basin, Washington State: some implications for regional river 340 

basin systems. Climatic Change 102:493–520 341 

Cushman SA, Wasserman TN, McGarigal K (2011) Landscape fire and wildlife habitat. In: McKenzie D, 342 

Miller C, Falk DA (eds) The Landscape Ecology of Fire.  Ecological Studies Vol. 213. Springer, pp. 343 

223–248 344 

Dunham JB, Rosenberger AE, Luce CH, Rieman BE (2007) Influences of wildfire and channel 345 

reorganization on spatial and temporal variation in stream temperature and the distribution of 346 

fish and amphibians. Ecosystems 10:335–346 347 

Dwire KA, Kauffman JB (2003) Fire and riparian ecosystems in landscapes of the western USA. Forest 348 

Ecol Manag 178:61–74 349 

Gunawardhana LN, Kazama S (2011) Climate change impacts on groundwater temperature change in the 350 

Sendai plain, Japan. Hydrol Process 25:2665–2678 351 

Hall SJ, Lombardozzi D (2008) Short-term effects of wildfire on montane stream ecosystems in the 352 

Southern Rocky Mountains: one and two years post-burn. Western N Am Naturalist 68:453–462 353 

Houghton JT, Ding Y, Griggs DJ, Noguer M, van der Linden PJ, Xia D, Maskell K, Johnson CA (2001) 354 

Climate Change 2001: The Scientific Basis: Contributions of Working Group I to the Third 355 

Assessment Report of the Intergovernmental Panel on Climate Change 356 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



IPCC (2007) Climate Change 2007: Impacts, Adaptation and Vulnerability. Contribution of Working 357 

Group II to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change, 358 

Cambridge University Press, Cambridge 359 

Isaak DJ, Luce CH, Rieman BE, Nagel DE, Peterson EE, Horan DL, Parkes S, Chandler GL (2010) Effects of 360 

climate change and wildfire on stream temperatures and salmonid thermal habitat in a 361 

mountain river network. Ecol Appl 20:1350–1371 362 

Isaak DJ, Wollrab S, Horan D, Chandler G (2012) Climate change effects on stream and river 363 

temperatures across the northwest U.S. from 1980–2009 and implications for salmonid fishes. 364 

Climatic Change 113:499–524 365 

Johnson SL (2003) Stream temperature:  scaling of observations and issues for modeling.  Hydrol Process 366 

17: 497–499 367 

Johnson SE, Jones JA (2000) Stream temperature responses to forest harvest and debris flows in western 368 

Cascades, Oregon.  Can J Fish Aquat Sci 47(Suppl. 2):30–39 369 

Keane RE, Loehman RA, Holsinger LM (2011) The FireBGCv2 landscape fire and succession model: a 370 

research simulation platform for exploring fire and vegetation dynamics. USFS RMRS: Fort 371 

Collins, CO 372 

Keeley JE (2009)  Fire intensity, fire severity and burn severity:  A brief review and suggested usage.  Int J 373 

Wildland Fire 18:116–126 374 

Kloster S, Mahowald NM, Randerson JT, Lawrence PJ (2011) The impacts of climate change, land use, 375 

and demography on fires during the 21st century simulated by CLM-CN.  Biogeosciences Discuss 376 

8:9709-9746 377 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Littell JS, McKenzie D, Kerns BK, Cushman S, Shaw CG (2011) Managing uncertainty in climate-driven 378 

ecological models to inform adaptation to climate change.  Ecosphere 2(9):102 379 

Luce C, Morgan P, Dwire K, Isaak D, Holden Z, Rieman B.  (2012)  Climate change, forests, fire, water, and 380 

fish:  Building resilient landscapes, streams, and managers.  RMRS-GTR-290.  Fort Collins, CO:  381 

USFS RMRS. 207 p 382 

Mahlum SK, Eby LA, Young MK, Clancy CG, Jakober M (2011) Effects of wildfire on stream temperatures 383 

in the Bitterroot River Basin, Montana. Int J Wildland Fire 20:240–247 384 

Mantua N, Tohver I, Hamlet AF (2009) Impacts of Climate Change on Key Aspects of Freshwater Salmon 385 

Habitat in Washington State. In: McGuire M, Elsner J, Littell J, Binder LW (eds) Washington 386 

climate change impacts assessment:  evaluating Washington's future in a changing climate. 387 

Center for Science in the Earth System, Joint Institute for the Study of the Atmosphere and 388 

Oceans, University of Washington, Seattle, WA 389 

McCarter KS, Burris E (2010) Accounting for spatial correlation using radial smoothers In statistical 390 

models used for developing variable-rate treatment prescriptions. Proceedings of the 10th 391 

International Conference on Precision Agriculture 392 

Minshall GW, Robinson GW, Lawrence GW (1997) Postfire responses of lotic ecosystems in Yellowstone 393 

National Park, U.S.A. Can J Fish Aquat Sci 54:2509–2525 394 

Mohseni O, Stefan HG, Eaton JG (2003) Global Warming and Potential Changes in Fish Habitat in U.S. 395 

Streams. Climatic Change 59:389–409 396 

Montana Bull Trout Restoration Team (MBTSG) (1995) Bitterroot River drainage bull trout status report, 397 

Report prepared for the Montana Bull Trout Restoration Team by Montana Bull Trout Scientific 398 

Group, MT Dept Fish Wildlife Parks, MT 399 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Moritz MA, Parisien M-A, Batllori E, Krawchuk MA, Van Dorn J, Ganz DJ, Hayhoe K (2012) Climate change 400 

and disruptions to global fire activity.  Ecosphere 3(6):49 401 

Mote PW (2003) Trends in snow water equivalent in the Pacific Northwest and their climatic causes. 402 

Geophys Res Lett 30:1601 403 

Nakicenovic N, Alcamo J, Davis G, de Vries B, Fenhann J, Gaffin S…Dadi Z (2000) IPCC Special Report on 404 

Emissions Scenarios Emissions Scenarios. Cambridge University Press, Cambridge. 599 p 405 

Poole GC, Berman CH (2001)  An ecological perspective on instream temperature:  natural heat 406 

dynamics and mechanisms of human-caused thermal degradation.  Environ Manage 276:787–407 

802 408 

Rhoades CC, Entwistle D, Butler D (2011) The influence of wildfire extent and severity on streamwater 409 

chemistry, sediment and temperature following the Hayman Fire, Colorado. Int J Wildland Fire, 410 

20:430–442 411 

Rieman B, Hessburt PF, Luce C, Dare, MR (2010)  Wildfire and management of forests and native fishes:  412 

conflict or opportunity for convergent solutions?  BioScience 60:460–468 413 

Schneider P, Simon JH (2010) Space observations of inland water bodies show rapid surface warming 414 

since 1985. Geophysical Research Letters 37(22): L22405 415 

Sestrich CM, McMahon TE, Young MK (2011) Influence of Fire on Native and Nonnative Salmonid 416 

Populations and Habitat in a Western Montana Basin. Trans Am Fisheries Soc 140:136–146 417 

Sloat MR, Shepard BB, White RG, Carson S (2005)  Influence of stream temperature on the spatial 418 

distribution of westslope cutthroat trout growth potential within the Madison River basin, 419 

Montana.  N Am J Fish Manage 25:225–237 420 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Thornton PE, Running SW (1999) An improved algorithm for estimating incident daily solar radiation 421 

from measurements of temperature, humidity, and precipitation. Agr Forest Meteorol 93:211–422 

228 423 

Turner MG, Arthaud GJ, Engstrom RT, Hejl SJ, Liu J, Loeb S., McKelvey K (1995) Usefulness of Spatially 424 

Explicit Population Models in Land Management. Ecol Appl 5:12–16 425 

van Vliet MTH, Franssen WHP, Yearsley JR, Ludwig F, Haddeland I, Lettenmaier DP, Kabat P (2013) Global 426 

river discharge and water temperature under climate change. Global Environmental Change 427 

23(2):450-464 428 

Webb BW, Nobilis F (2007) Long-term changes in river temperature and the influence of climatic and 429 

hydrological factors. Hydrological Sciences Journal, 52, 74–85 430 

Webb BW, Hannah DM, Moore RD, Brown LE, Nobilis F (2008) Recent advances in stream and river 431 

temperature research. Hydrol Process 22:1099–1085 432 

Whitlock C, Shafer SL, Marlon J (2003)  The role of climate and vegetation in shaping past and future fire 433 

regimes in the northwestern US and the implications for ecosystem management.  Forest Ecol  434 

Manage 178:5–21 435 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



Figure 1.  Location of East Fork Bitterroot watershed study area with subwatersheds and major stream 

networks.   Inserts A and B in lower right are examples in one subwatershed where stream temperature 

response to a wildfire was assessed at two finer spatial scales:  (A) fire perimeter scale, where fire 

conditions were characterized across upland and riparian habitat (in red); and (B) riparian burn scale 

where fire conditions were evaluated within riparian habitat only (red). 

Figure 2.  Mean and standard errors for  (A) biomass consumed by fire as a proxy for fire severity, (B) fire 

size, (C) number of fires per year, and  (D) boxplots for average weekly maximum temperature stream 

(AveWMT) summarized across subwatersheds - for each of the nine climate/fire management scenarios 

symbolized on the x-axis by combining climate abbreviations (H is historical, B2 and A2) with fire 

management abbreviations (N is no fire management, F is fuel treatment, S is suppression) . 

Figure 3.  Percentage of:  (A) stream temperature change from historical conditions to potential future 

climates (B2, A2) attributable to air temperature, solar radiation and stream flow comparing climate 

scenarios within three fire management strategies (N is no fire management, F is fuel treatment, S is 

suppression); (B) stream temperature change within burned areas attributable to air temperature, solar 

radiation and stream flow across three climate (historical, B2, A2) and two fire management (N, S) 

strategies. 
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Table 1.  Results of generalized linear mixed models for the effects of climate and management on the 

biomass consumed by fire (kg m-2), fire size (ha), stream AveWMT (average weekly maximum 

temperature) at the subwatershed scale, change (∆) in AveWMT in the year prior compared to the year 

after fire at the scale of individual fire perimeters, and ∆AveWMT at the riparian burn scale. 

Type III tests of fixed effects 

Effect F 
Degrees of freedom 

Numerator; denominator 
p-value 

Biomass Consumed by Fire 
         Climate 
         Fire Management 
         Climate*Fire Management 

 
100.72 
134.48 

3.00 

 
2; 128 
2; 128 
4;128 

 
<.0001 
<.0001 

0.02 

Fire Size 
         Climate 
         Fire Management 
         Climate*Fire Management 

 
89.34 

0.04 
0.99 

 
2; 188 
2; 188 
4; 188 

 
<.0001 

0.97 
0.41 

AveMWT at subwatershed scale 
         Climate 
         Fire Management 
         Climate*Fire Management 
         Biomass Consumed  
         Biomass Consumed *Climate 
         Biomass Consumed*Fire Management 
         Percent Burned 
         Percent Burned*Climate 
         Percent Burned*Fire Management 

 
687.94 

2.39 
0.03 

14.55 
3.14 
1.14 

11.27 
6.59 
0.94 

 
2; 527 
2; 520 
4; 385 

1; 5,115 
2; 5,247 
2; 5,204 
1; 5,011 
2; 5,137 
2; 5,137 

 
<.0001 

0.09 
0.99 

0.0001 
0.04 
0.32 

0.0008 
0.0014 

0.39 

∆AveMWT at fire perimeter scale 
         Climate 
         Fire Management 
         Climate * Fire Management 
         Biomass Consumed 
         Biomass Consumed*Climate 
         Biomass Consumed*Fire Management 

 
3.46 
1.03 
0.22 
3.85 
1.35 
0.06 

 
2; 696 
1; 857 
2; 667  
1; 894 
2; 702  
1; 856 

 
0.03 
0.31 
0.80 
0.05 
0.26 
0.80 

∆AveMWT at riparian scale 
         Climate 
         Fire Management 
         Climate * Fire Management 
         Biomass Consumed 
         Biomass Consumed*Climate 
         Biomass Consumed*Fire Management 
         Area Burned 

 
4.13 
1.14 
0.27 
5.59 
1.93 
0.09 
0.12 

 
2; 475 
1; 565 
2; 311 
1; 855 
2; 798 
1; 786 
1; 940 

 
0.02 
0.29 
0.77 
0.02 
0.15 
0.77 
0.73 

 

Table
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