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Abstract 

In forested ecosystems, wildfires often effect changes in a watershed’s hydrologic response 

to precipitation. Elevated runoff causes stream discharge to spike during high intensity, short 

duration rainfall and snowmelt events. This discharge can damage or destroy road 

infrastructure such as culverts, and make roads impassable, resulting in expensive repairs. 

Forest managers use hydrologic models to identify areas of highest risk to this damage and 

prescribe treatments to mitigate the risk. We measured peak flow at 12 road crossings 

following five large wildfires in 2017 in Western Montana and used the data to assess the 

peak flow estimates of four commonly used hydrologic models: Runoff Curve Number, 

USGS Regression Equations, WEPPcloud-PEP (Post-fire Erosion Prediction), WEPPcloud-

Disturbed. Our data showed that annual peak flow in this region occurs primarily during the 

spring runoff, though small, isolated rainfall events are capable of producing large spikes in 

streamflow volume. The Runoff Curve Number method tended to greatly over-estimate peak 

flows generated by rainfall events we observed and is unable to model runoff events caused 

by snowmelt. USGS Regression equations underpredicted the changes to post-fire 

hydrology. When detailed soil information was used, WEPPcloud-Disturbed was able to 

reasonably predict runoff for both rainfall and snowmelt events which is critical in snowmelt 

dominated watersheds.   
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Introduction 

Wildfire and burned landscapes have become an increasingly common throughout forests in 

the American West (Westerling et al., 2006; Dennison et al., 2014; Parks and Abatzoglou, 

2020). Though many ecosystems depend on wildfire for maintaining ecosystem health 

(Hardesty et al., 2005; Myers, 2006; Collins and Roller, 2013), dramatic shifts in the function 

of soil, water, and habitat resources can create challenging management decisions for both 

private and public land managers. Along with ecosystem health, wildfire impacts man-made 

systems such as road networks, trail systems, and building infrastructure through increased 

soil erosion, surface runoff, and flooding. After a wildfire occurs, land managers rely heavily 

on hydrologic models to predict how a watersheds hydrology may change in response to 

wildfire, and they use the results to prescribe a variety of treatments that can mitigate fire 

effects. Therefore, it is critical to understand how wildfire effects the physical properties of a 

watershed, what treatment options are available, and how various hydrologic models can be 

used to manage a burned landscape. 

 

Part 1 of this thesis uses observed data to assess three different methods of modeling post-

fire hydrology, with specific emphasis on peak flow discharges generated by spring 

snowmelt or summer rainfall events. While all three models are commonly used by forest 

managers to assess changes in watershed hydrology, this research aims to provide 

guidance on which techniques will provide the most accurate and reliable results in complex 

post-fire environments. 

 

Part 2 discusses the impact that wildfire has on in-stream aquatic habitats for fish species 

such as trout and char. It argues that the ability for fish populations to recover from wildfire 

depends heavily on both pre-fire and post-fire land management practices, and that some 

simple strategies can be used proactively to greatly increase the likelihood of fish survival 

recovery.    
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1 Post-Fire Hydrologic Modeling 

1.1 Soil Properties and Watershed Function 

Changes in watershed hydrology can result in some of the most dramatic and potentially 

dangerous post-fire management concerns. In unburned forests, structures such as tree 

canopy and a thick duff layer intercept large portions of rainfall and surface runoff (Moody 

and Martin, 2001; Neary et al., 2005). Wildfire consumes much of this cover causing 

increased surface runoff and soil erosion which, especially during intense rainfall events, 

can result in increased peak streamflow, flooding, and can even trigger debris flows. These 

are exacerbated by soil sealing and fire-induced water repellency which further reduce soil 

infiltration, increasing surface runoff (DeBano, 1981; Neary et al., 2003; Wagenbrenner et 

al., 2015). 

 

Water repellency results from the volatilization of organic compounds which are translocated 

downwards into the soil profile by the heat pulse, then condense on soil particles to form a 

hydrophobic layer that can inhibit  movement of water into the soil (DeBano et al., 1967; 

Doerr et al., 2009). Even in areas where the soils are naturally water repellent, such as the 

ash-cap soils found in Western Montana (Kawamoto et al., 2007), fire can alter or enhance 

the repellent characteristics of this layer (Doerr et al., 2006; Robichaud et al., 2016). Though 

water repellency is difficult to quantify (Robichaud et al., 2008) and is often not 

homogeneous throughout a burned watershed (Lewis et al., 2008), it can be a significant 

factor in elevated runoff and soil erosion (Robichaud, 2000; Cerda and Robichaud, 2009) 

and may persist anywhere from days/weeks to several months after the fire (Larsen et al., 

2009). 

 

1.2 Culverts and Forest Roads 

Fire induced changes to watershed hydrology generally lead to higher annual water yield as 

well as increased peak streamflow during rainfall and runoff events (Saxe et al., 2016; 

Hallema et al., 2017; Rust et al., 2019; Niemeyer et al., 2020). The magnitude of peak 

streamflow events can often be  several orders of magnitude greater compared to pre-fire 

conditions (Anderson, 1976; Neary et al., 2010), with the greatest effect occurring in small 

watersheds (Gartner et al., 2004; Neary et al., 2005). Because of this, infrastructure such as 
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bridges and culverts commonly used in forest road networks are often undersized and have 

the potential to fail during large peak flow events (Foltz et al., 2009). 

 

During a post-fire peak flow event, streamflow combines with sediment and debris moving in 

a stream channel. Culverts need to be large enough to pass not only the clean-water 

discharge (i.e. “flood-flow”), but the sediment and woody debris that is mobilized during a 

runoff event as well. The effect of sediment and debris moving in the stream channel is 

referred to as a “bulking factor”, the idea being that discharge is increased by some amount 

relative to the volume of sediment and debris present in the stream (Gusman et al., 2009; 

Kean et al., 2016). Bulked streamflow may cause a culvert to fail by simply exceed the 

culvert capacity and begin to flow over the road surface, but more often woody debris and 

sediment will completely plug the culvert and cause the entirety of the streamflow to be 

redirected onto and over the road surface (Figure 1). Following wildfires in Oregon, 

Washington, and Northern California, Furniss et al. (1998) found that only 6 percent of 

culvert failures were a result of simply exceeding hydraulic capacity. The majority of failures 

occurred due to the culvert becoming plugged by large amounts of sediment and woody 

debris moving in the stream and resulted in more substantial and destructive failures. 

Bulked peak flow during the largest events have been estimated to be up to 50 times greater 

than the peak flow during normal flooding (VanDine, 1985; Kean et al., 2016), while other 

attempts to quantify sediment bulking resulted in a bulking factor of just 2-3 times the stream 

discharge for debris-laden flows (Gusman et al., 2009). 

 

At some point, bulked streamflow transitions from otherwise “normal” streamflow laden with 

debris to what would be considered debris flow (Slaymaker, 1988; Iverson, 1997; Parise and 

Cannon, 2012). Debris flows are one of the most hazardous consequences of wildfire both 

for infrastructure and property, as well as for public safety (Parrett, 1987; Cannon, 2001; 

Parrett et al., 2004). Though considerable advances have been made in both their modeling 

and prediction (Cannon et al., 2010; Staley et al., 2016; Kean and Staley, 2021), debris 

flows remain challenging to predict due to limitations of weather forecasting as well as our 

still incomplete understanding of the hydrologic controls on debris flow initiation, and how 

those controls change over time (Parise and Cannon, 2012; Staley et al., 2015, 2018; 

Rengers et al., 2016; McGuire et al., 2017).  
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Debris laden flows are the most common cause of culvert/road failure following wildfire (Best 

et al., 1995; Furniss et al., 1998), and because road treatments account for over 20 percent 

of the total expenditures for post-fire mitigation treatment (Robichaud et al., 2014), 

considering the risk of such events is crucial in burned watersheds.  

 

1.3 Post-Fire Assessment 

As the scale of wildfire grows, so does the cost of mitigating post-fire damage (Robichaud et 

al., 2014). In the wake of any large (>500 acres [200 ha]) wildfire, post-fire assessment 

teams such as Burned Area Emergency Response (BAER) teams are deployed assess 

watersheds affected by the fire. The goal of these teams is to describe the degree to which 

watershed resources such as soil health and hydrologic function were affected by the fire. 

The teams evaluate the risk of undesirable outcomes (e.g. infrastructure damage), and to 

prescribe mitigation treatments to reduce the risk and minimize the impact of the fire on 

overall watershed/forest health (USFS, 2018a).  

 

BAER teams are multidisciplinary, made up of experts in hydrology, soils, fisheries, 

engineering, forestry/weed control, GIS, and other pertinent fields. Teams survey the burned 

area immediately after fire containment and attempt to quantify the severity of both the direct 

and indirect fire effects (Robichaud and Ashmun, 2013). The result of a BAER assessment 

is a Burned Area Report which describes the severity of the fire and its impact on public 

Figure 1: Debris flow at Spruce Creek following the 2017 Rice Ridge fire on the Lolo National Forest in Montana. 
Notice the large amount of woody debris on the upstream side of the road which blocked the culvert and 

redirected the flow onto the road surface.  
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safety, private property, infrastructure, and watershed resources. The report also outlines a 

treatment plan to mitigate post-fire effects (Napper, 2006). 

 

One of the most important measures used to describe fire effects is soil burn severity 

(Parsons et al., 2010). Soil burn severity can be defined based on the degree to which five 

primary factors are observed at or near the soil surface: loss of groundcover due to 

consumption by the fire, changes in the color of the soil surface due to charring or ash 

deposits, loss of soil structure due to the consumption of soil organic matter, consumption of 

fine roots in the topsoil, and the formation of a water repellent layer that reduces water 

infiltration (Keeley, 2009; Parsons et al., 2010).  

 

Field observations gathered during the post-fire assessment are combined with multispectral 

satellite indices (Tucker, 1979; Key and Benson, 2006; Lutes et al., 2006) to create a Soil 

Burn Severity (SBS) map. Areas within the fire perimeter are designated as either unburned, 

low burn severity, moderate burn severity, or high burn severity, with the idea that areas of 

high burn severity experienced a greatest degree of fire effects (Robichaud and Ashmun, 

2013). Spectral indices such as the Normalized Difference Vegetation Index (NDVI) (Tucker, 

1979) and Normalized Burn Ratio (NBR) (Key and Benson, 2006; Lutes et al., 2006) are 

calculated using multi-spectral satellite imagery and used to produce a Burned Area 

Reflectance Classification (BARC) map. The BARC map is then updated using field 

observations gathered by the BAER team during their post-fire assessment, and a finalized 

Soil Burn Severity (SBS) map is produced which delineates areas within the fire that burned 

at low, moderate, or high severity.  

 

Post-fire treatments are often divided into four treatment categories: hillslope, road, channel, 

and protection of public safety. Hillslope treatments are aimed at minimizing excessive 

runoff and erosion from burned hillslopes. Road treatments improve drainage of water on 

and through forest road networks. Channel treatments attempt to maintain the functionality 

of the stream channel itself, which can be affected by high flows, sediment, and debris. 

Public Safety treatments consist of more administrative tasks such as closing hazardous 

roads and improving signage in an effort to protect the public from unknowingly entering a 

dangerous situation (Robichaud et al., 2014). 
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This thesis focuses on post-fire road treatments. From 1972-2009, road treatments ranked 

second in terms of total monetary expenditures from post-fire treatments (Robichaud et al., 

2014). Most road treatments involve upgrades to drainage structures such as culverts, as 

well as upgrades to the road prism itself including rolling dips (i.e. water bars), roadside 

ditches, and road surface treatments (i.e. adding surface gravel). For the purposes of 

discussion, the term “upgrade” generally means increasing the size of the given drainage 

structure to accommodate the expected increases in runoff and sediment moving through a 

watershed after a wildfire (Figure 2). 

 

 

Before making culvert treatment recommendations, managers use a variety of methods to 

simulate and quantify the increased peak flows in response to a wildfire. Foltz et al. (2009) 

conducted interviews with forest managers in the early 2000’s and found that the methods 

most often used for this estimation were 1) the USGS Regression method, 2) the Curve 

Number method, 3) the Rule of Thumb method developed by Kuymjian in 2007, 4) the 

Water Erosion Prediction Project (WEPP) model, and 5) the Fire-Enhanced Runoff and 

Gully Initiation (FERGI) model. Though the proportion of managers using each of these 

methods has likely changed since the time of the interviews, this list still represents the most 

common approaches in modeling post-fire hydrology. This study will focus on three of the 

Figure 2: Example of undersized culvert (left) and post-fire upgraded culvert (right). 
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above methods: USGS Regression method, Curve Number method, and WEPP model.  A 

brief description of these three methods is provided below. 

 

1.4 USGS Regression 

The USGS Regression method uses observed discharge records to develop empirical 

equations unique to individual hydrologic regions/states across the country. These 

equations are a result of cooperation between the US Geological Survey (USGS) and state 

scientists who developed empirical equations for predicting streamflow based on 

characteristics unique to their state or region. To develop Montana StreamStats, basin 

characteristics and streamflow data through water year 2009 were analyzed from 755 

gauging stations throughout the state (McCarthy et al., 2016a). Of the 40 basin 

characteristics used in the analysis, three were identified as the most significant for 

predicting discharge: watershed area, mean annual precipitation, and percent of watershed 

with slopes greater than 50 percent (McCarthy et al., 2016b).  

 

USGS Regression equations are most commonly accessed through the StreamStats online 

application tool (USGS, 2016a). With this interface users can identify watersheds of concern 

by locating and selecting a channel-outlet. The application then delineates the watershed 

boundary and gathers the necessary inputs such as watershed area, elevation and slope, 

average monthly temperature and precipitation automatically. Using the regionalized 

regression equations, StreamStats calculates various streamflow statistics such as peak 

flow return periods, mean annual flow, and monthly flows (McCarthy et al., 2016a).  

 

Because this method returns statistics for natural (i.e. unburned) conditions in the 

watershed, the values need to be adjusted when being applied in a post-fire environment. A 

method for doing these adjustments is presented by Foltz et al. (2009). Once the pre-fire 

values are calculated, the user manually estimates the percent runoff increase in the high 

and moderate soil burn severity areas. This is a subjective endeavor; thus, managers tend 

to use a general assumption about the magnitude of runoff increase. For example, Forest 

Service managers tend to assume that runoff in moderate and high severity burned areas 

will double for the year after the fire. Assumptions also need to be made about level of water 

repellency present in the burned watershed.  
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Once the runoff increase has been decided, a modifier can be calculated using equation 1: 

 

𝑚𝑜𝑑𝑖𝑓𝑖𝑒𝑟 = 1 +
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑟𝑢𝑛𝑜𝑓𝑓 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒

100%
 ×  

(𝐴ℎ+ 𝐴𝑚)

𝐴𝑇
    ( 1 ) 

 where 

  𝐴ℎ = high severity burn area within watershed (acre or mi2) 

  𝐴𝑚 = moderate burn severity area within watershed (acre or mi2) 

  𝐴𝑇 = total watershed area (acre or mi2) 

 

To estimate the post-fire runoff, multiply the pre-fire runoff values by the modifier.  

 

1.5 NRCS Curve Number  

NRCS Curve Number method was developed by the USDA Natural Resources 

Conservation Service (NRCS) in the early 1970s. The basic equation calculates a runoff 

depth and essentially relies entirely on the Curve Number (CN) as the explanatory variable 

that describes the runoff characteristics for a given rainfall event. The basic curve number 

equation can be found in Technical Report-55 from the NRCS (1986): 

 

𝑄 =
(𝑃−0.2𝑆)2

(𝑃+0.8𝑆)
      ( 2 ) 

  

where 

 𝑄 = runoff (in) 

  𝑆 =  
1000

𝐶𝑁
− 10 

  𝐶𝑁 = Curve Number  

 𝑃 = rainfall (in) 

 

One program developed to conduct Curve Number calculations in an Excel spreadsheet is 

called FireHydro (Cerrelli, 2005). FireHydro allows users to calculate the runoff from a 

watershed under both unburned and burned conditions. The program expands on the basic 

Curve Number equation and takes inputs such as watershed area, basin slope, and 6- and 

24-hour rainfall return period intervals to calculate runoff.   
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To obtain realistic predictions, it is critical that a proper Curve Number needs to be selected. 

Curve numbers can range anywhere from 1-100, depending on soil and landuse 

characteristics. Hypothetically, a curve number of 1 might represent flat area of deep, 

loosely packed sands that have the capacity to immediately infiltrate any water/precipitation 

that is applied. A value of 100 might represent a paved surface, such as a parking lot. 

Practically speaking, curve numbers tend to range between the 30s and the 80s for healthy 

forests (USDA-NRCS, 1989, 1991), and will tend to be higher in a burned forest. Most tables 

used for Curve Number selection are based on subjective judgements, such as whether the 

watershed is in “good”, “fair”, or “poor” condition (USDA-NRCS, 1986). These tables serve 

as guidelines for selecting a proper Curve Number, but managers often adjust this value 

based on an understanding of site-specific situations. Choosing a curve number to represent 

a burned watershed can be difficult, but regional recommendations do exist (Cerrelli, 2005; 

USDA-NRCS, 2016).  

 

Using an NRCS Curve Number method such as FireHydro provides managers with a 

relatively quick and simple method of estimating runoff volumes after a wildfire. While this 

technique can provide a reasonable estimate of runoff to an experienced user, the necessity 

of assumptions and subjective judgment make it vulnerable to significant user error (Foltz et 

al., 2009). As a side note, another commonly used modeling interface applying the Curve 

Number method is WILDCAT5 (Hawkins and Barreto-Munoz, 2016). Like FireHydro, this is 

an excel spreadsheet that allows users to model a watershed under a single-storm scenario, 

and outputs predicted peak flow and runoff volumes. FireHydro and WILDCAT5 are 

essentially interchangeable, and both used often by forest managers.  

 

1.6 Watershed Erosion Prediction Project (WEPP) 

The physically-based Watershed Erosion Prediction Project (WEPP) was developed and 

first released by the USDA Agricultural Research Service (ARS) in 1995. The primary goal 

of the project was to generate process-based model to replace the Universal Soil Loss 

Equation (USLE), an empirical model widely used to predict long term soil erosion 

(Flanagan et al., 2007). Though the model was originally developed for use in agricultural 

lands, WEPP was adapted to be used in harvested and burned forested environments, 

forest roads, and other disturbed forest conditions. It has proven to be accurate for these 

applications (Elliot and Hall, 1997; Covert et al., 2005; Robichaud et al., 2007; Elliot, 2013; 

Chandramohan et al., 2015; Brooks et al., 2016; Srivastava et al., 2017, 2020).  
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WEPP can be run in either a “hillslope” or a “watershed” version. The WEPP Hillslope 

version allows users to run the WEPP model on a single hillslope with a given hillslope 

profile. The model uses climate, soil, and land management characteristics to make 

predictions about the aspects of the surface and subsurface hydrology, as well as about soil 

erosion and deposition on the hillslope. WEPP Watershed uses similar modeling processes 

as the hillslope version but allows the model to be applied across a watershed versus a 

single hillslope. The watershed structure is composed of multiple hillslopes which then drain 

to downstream channels.  Each channel network is defined using the TOPAZ model 

(Garbrecht and Martz, 1999) based on user defined critical upslope catchment areas and 

minimum stream channel length. With a channel network, hillslopes are fixed for each site of 

the stream channel assuming the width of the hillslope is equal to the average stream reach 

length. Recent modifications to the model now limit the slope length to 300 m and in this 

case the width is assumed to be the hillslope area divided by 300 m. The model simulates 

the hydrology of each hillslope and then routes the water draining off the hillslopes through 

the stream channel network to the watershed outlet. Further information about WEPP can 

be found in the model documentation (Elliot et al., 1995; USDA-NRCS, 1995; Elliot and Hall, 

1997; Flanagan et al., 2001, 2012; Dun et al., 2009; Dobre et al., 2022; Lew et al., 2022). 

 

Modern advances in WEPP technology have provided user-friendly interfaces that allow 

users to access the WEPP model via an online portal to use a suite of Forest Service 

(FSWEPP) interfaces (https://forest.moscowfsl.wsu.edu/fswepp/). The Erosion Risk 

Management Tool (ERMiT) and Disturbed WEPP allow users to predict hydrology and soil 

erosion at the hillslope scale while WEPPcloud-PEP and WEPPcloud-Disturbed (Dobre et 

al., 2022; Lew et al., 2022) can model post-fire conditions at the watershed scale. The 

WEPPcloud-PEP interface was primarily developed to match runoff and erosion from 

summer rainfall events and was not meant to represent spring runoff or snowmelt 

conditions. It sets key soil properties such as effective hydraulic conductivity (Keff), soil 

depth, and erodibility based on burn severity and soil texture (Table 1). 

 

WEPPcloud-Disturbed is an online version of the WEPP model which uses the STATSGO 

and SSURGO soil databases to define soil depth, bulk density, rock content and other 

properties (Boll et al., 2015). A Soil Burn Severity (SBS) map is used to identify areas of low, 

moderate, and high burn severity. The model then modifies surface erodibility, critical shear 
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stress, and effective hydraulic conductivity to represent burned conditions using the values 

in Table 1. 

 

WEPPcloud-Disturbed has been shown to be effective in modeling streamflow in 

undisturbed forests (Dobre et al., 2022), but has only been rigorously assessed under 

burned conditions by Quinn (2018) who used a stepwise calibration to find that, after a large 

2011 wildfire in Eastern Arizona and Western New Mexico, the effective hydraulic 

conductivity of the soil surface needed to be significantly reduced to accurately represent 

observed streamflow. Those reduced Keff values were used to modify the soil input files for 

this study and are described with more detail in the methods section. 



 

 

 

1
1
 

 

in mm in/hr mm/hr

Clay Loam 1.4 35 25 30 5 15 0.06 0.5 400000 0.00002 0.5 25

Silt Loam 1.6 40 25 15 5 15 0.06 0.5 1000000 0.00005 1.5 15

Loam 2.0 50 45 20 5 20 0.06 0.5 400000 0.00003 1 20

Sandy Loam 2.4 60 65 10 5 25 0.06 0.5 400000 0.00008 2 15

Clay Loam 0.7 18 25 30 5 15 0.15 0.75 1500000 0.00005 0.5 25

Silt Loam 0.5 13 25 15 5 15 0.15 0.75 1000000 0.0001 1.5 15

Loam 0.8 20 45 20 5 20 0.15 0.75 1000000 0.00008 1 20

Sandy Loam 0.8 20 65 10 5 25 0.15 0.75 400000 0.00012 2 15

Clay Loam 0.7 18 25 30 5 15 0.15 0.75 1500000 0.00005 0.5 25

Silt Loam 0.5 13 25 15 5 15 0.15 0.75 1000000 0.0001 1.5 15

Loam 0.8 20 45 20 5 20 0.15 0.75 1000000 0.00008 1 20

Sandy Loam 0.8 20 65 10 5 25 0.15 0.75 400000 0.00012 2 15

Clay Loam 0.6 14 25 30 5 15 0.1 0.75 1500000 0.00006 0.5 25

Silt Loam 0.4 10 25 15 5 15 0.1 0.75 1000000 0.00012 1.5 15

Loam 0.6 15 45 20 5 20 0.1 0.75 1000000 0.0001 1 20

Sandy Loam 0.6 15 65 10 5 25 0.1 0.75 400000 0.00014 2 15

Moderate 15 400

High 15 400

% 

Clay

Unburned 32 800

Low 15 400

Burn 

Severity

Soil 

Depth Texture

Effective 

Hydraulic 

Conductivity 

% 

Sand

Critical 

Shear 

(N/m2)

Cation 

Exchange 

Capacity 

(meq/100g)

% 

Organic

% 

Rock
Albedo

Initial 

Saturation 

(m/m)

Interrill 

Erodibility 

(kg*s/m4)

Rill 

Erodibility 

(s/m)

Table 1: Key soil parameters used by WEPPcloud-PEP, based on soil texture and burn severity. 
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2 Objective 

The goal of this research is to assess the predictive ability of post-fire hydrologic models 

based on observed streamflow at road crossings in small, recently burned watersheds.  
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3 Methods 

3.1 Site Description 

In 2017, the Lolo National Forest had several large fire incidents that burned across 182,455 

acres (73,837 ha) with roughly 50% in moderate and high soil burn severity. BAER teams 

found many unacceptable risks to road and trail infrastructure, water quality, and native 

plant and animal communities (USFS, 2018b). As part of their effort to reduce the risk of 

excessive erosion and road failure, various road treatments were proposed throughout the 

region. Primarily prescribed treatments included upsizing and removing culverts, installing 

drain dips, and reshaping roadbeds. Proposed road treatments within the burned areas 

totaled >$1,000,000. This information can be found in the Burned Area Reports from the 

Lolo Peak Fire, Highway 200/Moose Peak Fire complex, Sunrise Fire, Liberty Fire, and Rice 

Ridge Fire (USFS, 2017a, 2017b, 2017c, 2017d, 2018b).  

 

After site visits in Spring 2018, 17 high priority culvert locations were identified by Lolo 

National Forest personnel for the study. The locations were based on both the managers’ 

priority ranking as well has how accurately they represented the variability of aspect, 

elevation, slope, and burn severity throughout the burned areas. These 17 culvert locations 

were spread across 5 separate fires to expand the study area over a wide geographic region 

with different precipitation patterns, thus increasing the likelihood of capturing rainfall/runoff 

events (Figure 3).  
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Vegetation regimes in this region range from low-elevation ponderosa pine (Pinus 

ponderosa) dominated forests to high-elevation subalpine fir (Abies lasiocarpa) forests. The 

sites in this study are almost exclusively in mid-elevation to high-elevation forests dominated 

by lodgepole pine (Pinus contorta), Douglas fir (Pseudotsuga menziesii), and subalpine fir 

(Abies lasiocarpa) (USFS, 2016). Fire history in these forest types tends to be mixed, and 

includes relatively frequent (5-25 years) low-intensity wildfires combined with infrequent 

(100+ years) high-severity “stand replacing” wildfires (Arno, 1980; Brown et al., 1999; Odion 

et al., 2014).  

 

Volcanic ash-capped soils dominate (USDA-NRCS, 2020), which tend to exhibit some level 

of natural water repellency at the soil surface (Kawamoto et al., 2007). Soil texture is 

generally silt-loam (25% sand, 65% silt, and 10% clay), except for soils at the Lolo Peak fire 

which are sandy-loam (50% sand, 40% silt, and 10% clay). Geology throughout the region is 

Figure 3: Overview of the 5 wildfires used in this study. The fires occurred in 2017 on the Lolo National Forest in 
Northwest Montana. The incidents were generally centered around the city Missoula, MT. 
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made up primarily of quartzite and meta-argillite, metamorphosed sedimentary rock from the 

Mid-Proterozoic (Raines and Johnson, 1996). 

 

The selected watersheds range in size from 30 ac (12 ha) to 3500 ac (1400 ha) at the 

largest. As a result of regional topography, the elevation of the watershed outlets (i.e. 

monitoring locations) tend to be lower on the easter half of the forest, between 3500-4500 ft 

(1000-1400 m) (Lolo Peak Fire: Figure A1, Sheep Gap Fire: Figure A2, Sunrise Fire: Figure 

A3) and higher on the western half of the forest, between 4300-5800 ft (1300-1800 m) 

(Liberty Fire and Rice Ridge Fire: Figure A4-Figure A6). Burn severities vary between 

watersheds, from roughly 10% moderate and high burn severity to 100%. A summary of the 

watershed characteristics can be found in Table 2 below. 
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Spruce 1 Spruce 2 Nome Creek
Dunham 

East

Dunham 

West

Swamp 

Main

Swamp 

Upper

East 

Liberty

West 

Liberty 1

West 

Liberty 2

Contributing Area (acres) [ha] 717 [290] 434 [176] 1308 [529] 117 [47] 30 [12] 2400 [971] 425 [172] 839 [340] 294 [119] 66 [27]

Mean Basin Slope (%) 33 26 37 45 45 35 55 36 27 26

Elevation of Staff Gauge (ft) [m]
5191 

[1582]

5191 

[1582]
4868 [1484]

4692 

[1430]

4388 

[1337]

4331 

[1320]

5415 

[1650]

4829 

[1472]

5790 

[1765]

5567 

[1697]

Latitude 47.21132 47.21225 47.19191 47.17866 47.1614 47.18888 47.2009 47.03625 47.0653 47.057834

Longitude -113.2064 -113.2035 -113.20729 -113.1965 -113.1956 -113.4225 -113.3825 -113.701 -113.7621 -113.7531

% Unburned 0 0 11 26 0 30 44 7 15 78

% Low Burn 3 0 11 32 50 28 22 4 14 13

% Mod. Burn 82 100 71 37 50 41 31 61 50 9

% High Burn 15 0 7 4 0 2 1 28 20 0

Sunrise Fire

John Creek
Mormon 

Creek
Sunrise

East 

Bemish 

Lower

East 

Bemish 

Middle

East 

Bemish 

Upper

West 

Bemish 1

West 

Bemish 2

Contributing Area (acres) [ha] 480 [194]
3478 

[1408]
260 [105]

2561 

[1036]
890 [360] 209 [85] 43 [17] 78 [32]

Mean Basin Slope (%) 37 40 48 40 39 30 36 34

Elevation of Staff Gauge (ft) [m]
4506 

[1373]

4102 

[1250]
3633 [1107]

3465 

[1056]

3766 

[1148]

3998 

[1219]

4036 

[1230]

4235 

[1291]

Latitude 46.72674 46.71658 47.07219 47.44304 47.43375 47.43906 47.44131 47.43199

Longitude -114.1976 -114.1438 -114.8253 -115.0478 -115.0451 -115.0366 -115.0581 -115.0555

% Unburned 5 11 9 34 31 19 0 0

% Low Burn 11 19 37 11 21 4 0 0

% Mod. Burn 23 38 34 35 32 50 72 81

% High Burn 60 33 20 18 16 27 28 19

Watershed Characteristic

Watershed Characteristic

Lolo Peak Fire Sheep Gap Fire

Rice Ridge Fire Liberty Fire

Table 2: Characteristics of study watersheds. 
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3.2 Peak Flows  

To measure peak streamflow, standard USGS crest-stage gauges were installed a short 

distance above the inlet of each culvert. These gauges are designed to record the crest, or 

peak flow in the channel during a runoff event. The gauge itself consists of a wooden stake 

housed in a steel pipe (3 in [75 mm] diameter by roughly 3 feet [1 m] long). The pipe has 

holes drilled in its base allowing runoff to flow into and fill the pipe. As the water level rises in 

the pipe, a small amount of ground cork floats on the water surface and clings to the 

wooden stake. As the water level drops, the cork remains stuck to the stake thus recording 

the maximum height experienced during the runoff event. This is similar to a design 

described by Friday (1965). These gauges need to be visited immediately following a runoff 

event in order to record the peak flow reading. They then need to be “reset” in preparation 

for the next storm (Figure 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Additionally, 10 of the locations were instrumented with e-tapes (Milone Technologies, 

Continuous Fluid Level Sensor, #PN-12110215TC-X). E-tapes use electrical resistance to 

continuously measure flow depth in the stream. This allowed us to capture minor changes in 

Figure 4: (left) Crest gauge and e-tape installation, (right) high water marked by cork on wooden stake.  
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stream discharge and intermediate peak flow events that may have otherwise been missed 

by the crest gauges. Peak flows from spring 2018 were estimated based on measurements 

from high water in the stream channel.  

  

3.2.1 Streamflow Rating Curve Calibration 

Using the observed streamflow measurements described above, unique rating curves were 

developed to represent streamflow in each watershed.  A rating curve is a mathematical 

relationship that equates stream depth (also known as stream “stage”) to discharge. These 

stage-discharge relationships are commonly used by the U.S. Geologic Survey (USGS) to 

record river discharge at gauging stations throughout the country. Generating a rating curve 

is a three step process consisting of 1) measuring stream stage, 2) measuring stream 

discharge, and 3) creating a stage-discharge relationship (Rantz, 1982a, 1982b).  

 

3.2.2 Measuring Discharge 

Two methods for measuring stream discharge were used in this study. Initially the velocity-

area was used during early 2018 summer runoff. The velocity-area method (Turnipseed & 

Sauer, 2010) involves dividing the stream cross-section into segments of equal area and 

measuring the average velocity in each segment. The summation of these values is the total 

stream discharge (Q). 

 

While this method is relatively simple and practical to use in low gradient streams (slope < 

~5%), it becomes less effective in high gradient streams. In steep snowmelt dominated 

watersheds such as those in this study, summer water levels may be so low that it becomes 

impossible to measure cross section dimensions or water velocity accurately. During high 

flow, non-logarithmic velocity profiles and aeration make it difficult to find a representative 

average velocity using a standard velocity probe (Byrd et al., 2000; Wilcox and Wohl, 2007; 

Nitsche et al., 2012). Because of these issues, we measured discharge using the salt 

dilution method.  

 

The salt dilution method (Ostrem, 1964) calculates discharge based on the relative dilution 

of a known salt solution, and is highly effective in highly turbid mountain streams (Kilpatrick 

and Cobb, 1985; Hongve, 1987). The method works on the principle of the conservation of 



19 

 

 

 

mass and applies the following equation from Sappa et al. (2015). The equation can be 

easily converted from metric to English units, which is how it is presented here: 

 

𝑄 = 𝐶𝑠 ×
𝑉𝑠

∫ [𝐶(𝑡)−𝐶𝑏]×𝑑𝑡
𝑡0+𝑡𝑝

𝑡0

     ( 3 ) 

 

    where 

     𝑄 = Stream Discharge (cms) 

     𝑉𝑠 = Volume of salt solution (m3) 

     𝐶𝑠 = Electrical conductivity of salt solution (µS/cm) 

     𝐶𝑏 = Background conductivity of stream (µS/cm) 

     𝐶(𝑡) = Stream electrical conductivity at time (t) 

     𝑡0 = Elapsed time (s) 

𝑡𝑝 = Time of “arrival” of salt solution at downstream 

measurement location (s) 

 

To conduct salt dilution measurements, a known volume of tracer solution with a known 

electrical conductivity (EC) is added instantaneously to the stream. An EC meter is 

positioned in the stream at a location far enough downstream so that the salt solution has 

time to mix evenly through the water column (generally 5-10x the stream width). The EC 

meter measures the conductivity of the stream as the salt “pulse” passes. By integrating the 

area under the pulse curve, the volume of water in the stream (i.e. discharge) can be 

calculated based on how much it diluted the salt solution. 

 

3.2.2.1 Generating Rating Curves 

Using the measured discharge data, a unique rating curve was created for each location, 

where sufficient data was available (Figure 5). Multiple discharge measurements were taken 

at or near peak flow and at or near low flow to capture the full range of possible discharges 

throughout the year. The fitted equations from these relationships were used to convert the 

stage data, recorded by the crest gauges and/or e-tapes, to discharge data. By plotting the 

points on using logarithmic scales, the data are well represented with the following power fit 

equation 𝑦 = 𝑎𝑥𝑏 where 𝑎 and 𝑏 are fitting coefficients, 𝑥 is stream depth, and 𝑦 is the 

stream discharge. 



20 

 

 

 

 

3.3 Precipitation  

Tipping bucket rain gauges (Rainwise Inc., Wired Rain Gauge, RAINEW 111) were 

positioned at or near the top of the instrumented watersheds. A total of 13 rain gauges were 

initially installed across all the study areas, with some watersheds sharing a single gauge. 

These rain gauges have a measurement resolution of 0.1 in (0.254 mm), do not include 

wind-shields, and are unable to measure snowfall (Figure 6).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Example of rating curve, used at Nome Creek 

Figure 6: (left) Rain gauge installed at the Rice Ridge Fire, (right) Rain gauge installed 
at the Sheep Gap Fire. 
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Individual rainfall events were defined as having at least a 5-minute duration and were 

separated by at least 6-hours with no rainfall. Three different “storm characteristics” were 

calculated for each event: duration and rainfall total, maximum 10-minute rainfall intensity 

(I10), and maximum 30-minute rainfall intensity (I30). Each storm characteristic was 

categorized as either  <2, 2, 5, 10, 25, 50, or 100-year return period intensities relative to 

precipitation intensity return periods derived for each location from the Volume 1 of the 

NOAA Atlas 2 (Miller et al., 1973; Arkell and Richards, 1986). Using event duration and total 

rainfall, the storm total return period was calculated via an Intensity-Duration-Frequency 

(IDF) analysis (Schwab et al., 1992). Rainfall events with at least one storm characteristic 

that exceeded a 2-year return period were considered significant and included as part of this 

analysis.  

 

Data from nearby SNOTEL sites (Table 3) were analyzed to characterize regional 

precipitation trends. Total summer precipitation (May-October) and total annual precipitation 

during years 2018-2020 were compared to averages over the period of record at each 

SNOTEL site. 

 

 

 

 

 

 

 

3.4 Ground Cover 

Groundcover measurements were conducted at plots randomly identified using 

combinations of soil burn severity (high, moderate, low), hillslope aspect (NE, SW), and 

elevation (above/below 5500 ft [1700 m]), during peak growing season (July-August). A 

minimum of 3 replications of each combination were spread randomly across the five fires. 

Percent ground cover was estimated using a 3 ft (1 m), 100 point sampling grid (Chambers 

and Brown, 1983). Points categorized as mineral soil, gravel, or ash were grouped together 

as “bare soil” while points categorized as litter, moss, rock, wood, live vegetation, or tree 

Table 3: SNOTEL sites used to characterize regional precipitation trends. See Table 
8 and  Table 9 for results. 

Fire SNOTEL Site Lat°, Long° Period of Record

Rice Ridge Fire North Fork Jocko (667) 47.27, -113.75 1989-Present

Lolo Peak Fire Lolo Pass (588) 46.63, -114.58 1983-Present

Sunrise Fire Hoodoo Basin (530) 46.98, -115.03 1981-Present

Sheep Gap Fire Sleeping Woman (783) 47.18, -114.33 1993-Present

Liberty Fire Stuart Mountain (901) 47.00, -113.93 1995-Present
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were grouped together as “ground cover”. These measurements were used to characterize 

burn severity and recovery relative to the soil burn severity map generated during post-fire 

assessment (Lewis et al., 2017). 

 

3.5 Watershed Modeling  

3.5.1 Runoff Curve Number – FireHydro 

Because there are not curve numbers explicitly defined for burned areas, many researchers 

and forest managers have attempted to come up with their own guidelines. In this case the 

curve number associated with each burn severity (low, moderate, high) was chosen based 

on a consensus of several engineers at the Natural Resources Conservation Service to 

represent burned areas in this region of Montana (Figure 7). The actual CN value used by 

the model is a simple weighted average based on the coverage of each burn severity within 

the watershed (Table 4).  

 

 

 

 

 

 

 

 

 

 

 

 

Watershed area and slope were calculated using ESRI ArcMap software. Percent coverage 

of low, moderate, and high burn severities were calculated using the soil burn severity 

maps. Rainfall inputs for FireHydro were derived from Volume 1 of the NOAA Atlas 2 (Miller 

et al., 1973), which provides maps of isohyets (i.e. lines of equal precipitation) for the state 

of Montana (Table A1). These data were then used to calculate the short-duration rainfall 

intensity return periods used in the precipitation analysis (Table A2). 

Figure 7: RCN guidelines taken from Cerrelli (2005). The cover type and condition are in reference 
to the descriptions used in the NRCS National Engineering Handbook (USDA-NRCS, 1991).  
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3.5.2 Montana StreamStats 

Montana StreamStats was accessed through the USGS StreamStats web application 

(USGS, 2016b). After running the model on each watershed, the results were modified to 

represent burned conditions using Equation 1.  A runoff increase of 100% (double the pre-

fire amount) was assumed for moderate and high burn severity conditions (Story et al., 

2006). The pre-fire peak flow magnitude for each watershed was simply multiplied by the 

corresponding modifier (Table 5) to estimate post-fire flow.  

 

Table 4: Pre fire and post fire runoff curve number (RCN) values 
used in FireHydro analysis. 

Site CN-Pre Fire CN-Post Fire

Spruce 1 60 82

Spruce 2 60 82

Nome Creek 60 79 `

East Dunham 60 68

West Dunham 60 82

Swamp Main 60 76

Swamp Upper 60 72

East Liberty 60 82

West Liberty 1 60 80

West Liberty 2 60 63

John Creek 60 87

Mormon Creek 60 80

Sunrise 60 88

East Bemish Lower 66 75

East Bemish Mid 66 75

East Bemish Upper 60 74

West Bemish 1 66 72

West Bemish 2 60 82
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Table 5: Modifiers applied for each site in StreamStats analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5.3 WEPPcloud-PEP 

The WEPPcloud-PEP interface was used to setup and run each watershed for a 100-year 

simulation in both burned and unburned conditions. The watersheds were delineated using 

TOPAZ (Garbrecht and Martz, 1999) with the default minimum channel length and critical 

source area values of 330 ft (100 m) and 25 acres (10 ha), respectively.  

 

Using long-term monthly averages from nearby weather stations (Table 6) unique daily 

weather files were generated for each hillslope with CLIGEN (Nicks et al., 1995). The files 

were then adjusted with scaling factors calculated from 30-year monthly average PRISM 

raster maps of precipitation and temperature (http://prism.oregonstate.edu). The same 

weather files were used for both the burned and unburned simulations. 

Site Modifier

Spruce 1 2.0

Spruce 2 2.0

Nome Creek 1.8

East Dunham 1.4

West Dunham 1.5

Swamp Main 1.4

Swamp Upper 1.3

East Liberty 1.9

West Liberty 1 1.7

West Liberty 2 1.2

John Creek 1.8

Mormon Creek 1.7

Sunrise 1.9

East Bemish Lower 1.5

East Bemish Mid 1.5

East Bemish Upper 1.8

West Bemish 1 2.0

West Bemish 2 2.0
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Soil Burn Severity (SBS) maps were used to define the landuse parameters of each 

watershed. Landuse options included unburned, low severity burn, moderate severity burn, 

or high severity burn. Then based on the landuse and soil texture, soil parameter files were 

assigned to each hillslope (Table 1). The model generates peak flows at a sub-daily 

timestep using the Muskingum-Cunge method (Wang et al., 2010). This output was used to 

calculate 2, 5, 10, and 25-year return period annual peak flows for each watershed, in both 

the unburned and burned condition.   

 

3.5.4 WEPPcloud-Disturbed 

WEPPcloud-Disturbed was run using two different sets of soil parameters. First, the model 

was run using the default soil parameters for both burned and unburned soils. Second, they 

were modified by significantly reducing the effective hydraulic conductivity (Keff) of the soil 

surface on burned hillslopes. Because our observed dataset is relatively short (~3 years), it 

lacks the extent traditionally required to conduct a true calibration, which requires a 

calibration period and a separate validation period. Instead, the results from Quinn (2018) 

were used as our modified Keff values (Table 7). 

 

 

 

 

 

 

 

 

 

Fire Weather Station Lat., Long.

Rice Ridge Seeley Lake, MT 47.22, -113.52

Liberty Seeley Lake, MT 47.22, -113.52

Sheep Gap Superior, MT 47.18, -114.87

Lolo Peak Stevensville, MT 46.52, -114.10

Sunrise Superior, MT 47.18, -114.87

Table 6: Weather stations used to build 100-year CLIGEN climate files. 

Table 7: Modified Keff values adopted from Quinn (2018). The modified values 
were applied to the surface layer of all burned soils. 

in/hr mm/hr in/hr mm/hr

Low 0.5-0.8 13-20 default default

Moderate 0.5-0.8 13-20 0.04 1

High 0.4-0.6 10-15 0.004 0.1

Burn 

Severity

Modified KeffDefault Keff
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3.6 Analysis 

The primary model assessment was based on the ability of WEPPcloud-Disturbed to 

simulate the timing and magnitude of observed annual peak streamflow. The Nash-Sutcliffe 

Efficiency (NSE) (Nash & Sutcliffe, 1970), is a commonly used dimensionless statistic 

comparing the magnitude of residual variance with the magnitude of variance within the 

observed data itself. NSE has a range from -∞ to +1. The closer the NSE value is to 1, the 

better the model can be said to have performed. The equation for NSE is as follows: 

 

𝑁𝑆𝐸 = 1 − [
∑ (𝑌𝑖

𝑜𝑏𝑠−𝑌𝑖
𝑠𝑖𝑚)2𝑛

𝑖=1

∑ (𝑌𝑖
𝑜𝑏𝑠−𝑌𝑚𝑒𝑎𝑛)2𝑛

𝑖=1

]      ( 4 ) 

                           Where 

                                     𝑌𝑖
𝑜𝑏𝑠 = ith observed value 

                                     𝑌𝑖
𝑠𝑖𝑚 = ith simulated value  

                                     𝑌𝑚𝑒𝑎𝑛 = mean of observed values 

 

 

Percent Bias (PBIAS) (Gupta et al., 1999) was used to assess whether the model over-

predicted or under-predicted the observed data. Negative PBIAS values indicate that the 

model is overestimating, while positive PBIAS values indicate that the model is 

underestimating. PBIAS is calculated by: 

 

𝑃𝐵𝐼𝐴𝑆 =  
∑ (𝑌𝑖

𝑜𝑏𝑠−𝑌𝑖
𝑠𝑖𝑚)×100𝑛

𝑖=1

∑ (𝑌𝑖
𝑜𝑏𝑠)𝑛

𝑖=1

     ( 5 ) 

 

   where 

    𝑌𝑖
𝑜𝑏𝑠 = ith observed value 

    𝑌𝑖
𝑠𝑖𝑚 = ith simulated value 
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Root mean square error (RMSE) (Chu and Shirmohammadi, 2004; Moriasi et al., 2007) was 

also used as an index for goodness of fit. Similar to the standard deviation of the model 

error, values closer to 0 indicate better model performance. It is calculated by: 

 

𝑅𝑀𝑆𝐸 = √∑ (𝑌𝑖
𝑜𝑏𝑠−𝑌𝑖

𝑠𝑖𝑚)2𝑛
𝑖=1

𝑛
      ( 6 ) 

   where 

    𝑌𝑖
𝑜𝑏𝑠 = ith observed value  

    𝑌𝑖
𝑠𝑖𝑚 = ith simulated value 

𝑛 = number of data points 
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4 Results  

4.1 Precipitation  

4.1.1 Regional Precipitation Trends 

SNOTEL data from across the region indicated that summer precipitation was below 

average in 2018 (90%), about average in 2019 (99%), and above average in 2020 (125%) 

(Table 8). Total water year precipitation was above average in 2018 (112%), and just below 

average in 2019 and 2020 (97% and 95%, respectively) (Table 9). These trends suggest 

that while total precipitation was about average in 2018, it was a relatively dry summer 

compared to normal. The opposite is true for 2020, when more rainfall came during the 

summer compared to normal.  

 

Table 8: Total summer precipitation (May-October) as a percentage of long-term average. Long-term average 
includes data from the beginning of the period of record through 2017. 

 

 
Table 9: Total water year (1 Oct – 30 Sept) precipitation as a percentage of long-term average. Long-term 

average includes data from the beginning of the period of record through 2017. 

 

4.1.2 Rainfall Data 

Total annual summer rainfall recorded by our rain gauges, listed in Table 10 below, tended 

to be below the long-term averages based on SNOTEL data. This may be due to under-

catch, which can be significant (10-35%) when wind shields are not installed (Hanson et al., 

2004). 

in mm in mm % in mm % in mm %

North Fork Jocko (667) 16.7 424 14.6 371 87% 16.9 429 101% 20.2 513 121%

Lolo Pass (588) 14.6 371 13.9 353 95% 13.5 343 92% 21.6 549 148%

Hoodoo Basin (530) 18.5 470 15.8 401 85% 15.2 386 82% 20.9 531 113%

Sleeping Woman (783) 14.4 366 13.1 333 91% 17 432 118% 18 457 125%

Stuart Mountain (901) 16.5 419 15 381 91% 16.7 424 101% 19.7 500 119%

Snotel Site 
Long Term Average 2018 2019 2020

in mm in mm % in mm % in mm %

North Fork Jocko (667) 68.1 1730 85.6 2174 126% 60.8 1544 89% 72.2 1834 106%

Lolo Pass (588) 47.2 1199 51.8 1316 110% 46.8 1189 99% 46.2 1173 98%

Hoodoo Basin (530) 64.5 1638 65.3 1659 101% 55.6 1412 86% 53.5 1359 83%

Sleeping Woman (783) 35.6 904 39 991 110% 40.2 1021 113% 37 940 104%

Stuart Mountain (901) 48.9 1242 55.1 1400 113% 47.1 1196 96% 48.6 1234 99%

Snotel Site 
Long Term Average 2018 2019 2020
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Most recorded rainfall events were relatively long-duration, low-intensity storms. The 

average storm duration was 20 hours, with an average intensity of 0.3 in/hr (7.6 mm/hr). 

Events with at least one rainfall characteristic (storm total, I10, I30) that met or exceeded a 2-

year return interval are listed in Table 11 below. The return intervals used to categorize the 

events can be found in Table A1 and Table A2. 

 

 

 

 

 

The longest events occurred over nearly two days (48 hrs) and had a mean total storm 

intensity of under 0.05 in/hr (1 mm/hr), while the shortest storms lasted less than 30 minutes 

and a total storm intensity of over 1.0 in/hr (25 mm/hr). Both the highest 10-minute rainfall 

intensity (I10) of 2.2 in/hr (55 mm/hr) and the highest 30-minute rainfall intensity (I30) of 1.3 

in/hr (33 mm/hr) were recorded during the same event, on 23 July 2019 at the Rice Ridge 

Table 10: Total summer rainfall (May-Oct) recorded by our rain gauges. 

in mm in mm in mm

Rice Ridge 6.4 161 11.0 279 8.7 222

Lolo Peak 7.2 182 9.4 239 9.0 227

Sheep Gap 6.1 156 12.9 329 7.1 181

Liberty - - 9.2 234 3.8 96

2018 2019 2020
Fire

Total Summer Rainfall

Table 11: Rainfall events with at least one storm characteristic that meets or exceeds a 2-year return period. All 
three storm characteristics (storm total, maximum 10-minute rainfall intensity [I10], maximum 30-minute rainfall 

intensity [I30]) are listed for each event.  

Fire Date min hrs in mm in/hr mm/hr in/hr mm/hr

Sheep Gap 25-Oct-18 1725 28.8 1.4 35 2-year 0.5 14 <2-year 0.3 8 <2-year

16-May-19 3432 57.2 2.4 61 10-year 0.8 19 <2-year 0.5 14 <2-year

15-Aug-19 112 1.9 0.3 7 <2-year 2.0 50 2-year 0.7 17 <2-year

28-Jun-20 2831 47.2 1.5 38 2-year 0.3 8 <2-year 0.2 5 <2-year

Lolo Peak 3-Jul-19 31 0.5 0.3 7 2-year 1.0 24 <2-year 0.5 13 <2-year

15-Aug-19 300 5.0 0.8 20 <2-year 1.8 44 5-year 1.2 30 5-year

28-Jun-20 2846 47.4 3.0 70 5-year 0.5 12 <2-year 0.2 6 <2-year

14-Jul-19 15 0.3 0.1 2 5-year 0.4 11 <2-year 0.4 5 <2-year

23-Jul-19 23 0.4 0.6 16 100-year 2.2 55 2-year 1.3 33 10-year

23-Jul-20 21 0.4 0.4 10 10-year 1.7 43 2-year 0.8 19 2-year

16-Oct-20 992 16.5 1.9 49 2-year 0.3 8 <2-year 0.3 7 <2-year

14-Jul-19 280 4.7 0.4 11 <2-year 1.9 49 2-year 0.7 17 <2-year

8-Sep-19 1275 21.3 2.6 66 5-year 1.9 47 2-year 1.2 30 5-year

28-Jun-20 3127 52.1 2.2 55 2-year 0.6 15 <2-year 0.4 9 <2-year

Liberty 8-Sep-19 844 14.1 1.5 38 2-year 1.3 34 <2-year 0.9 24 <2-year

Rice Ridge - 

Swamp Creek

Rice Ridge - 

Dunham Creek

Return 

Period

Duration Rainfall Depth Return 

Period

I10 Return 

Period

I30
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fire. The storm was among the shortest recorded at just 23 minutes long. It triggered a large 

debris flow in the Spruce 1 watershed and caused large peak flows in Nome Creek and 

Spruce 2. This rainfall event will be analyzed with greater detail in the next section. 

 

4.2 Peak Flows 

At all but three watersheds, maximum annual peak flow occurred during spring snowmelt 

throughout the three year period of study. The only exceptions were the 2019 maximum 

annual peak flows at Spruce 1, Spruce 2, and Nome Creek which were a result of the 23 

July rainfall event (Table 12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Throughout the study period, the highest peak discharges per unit area (discharge in cfs of 

cms divided by the area of the watershed) occurred in the smallest watersheds. In 2018, 

peak discharge at West Bemish 1, West Bemish 2, and Dunham West were estimated to 

have been over 5 in/day (125 mm/day), the highest of all sites. These were also the three 

smallest watersheds in the study, at <100 acres (40 hectares). In contrast, the lowest peak 

discharges per unit area tended to occur in the largest watersheds. The East Bemish Lower 

and Swamp Main watersheds are each >2200 acres (900 hectares), and consistently had 

Table 12: Maximum annual discharge recorded at each study site. All peak flows occurred during spring runoff 
except those highlighted in yellow, which were a result of a summer 2019 rainfall event. The 2019 peak flow in 

Spruce 1 was estimated based on field measurements taken after peak flow had occurred. 

Rice Ridge Fire cfs in/day cms mm/day cfs in/day cms mm/day cfs in/day cms mm/day

Spruce 2 45 2.7 1.27 68 24 1.4 0.68 36 18 1.1 0.51 27

Spruce 1 80 2.8 2.27 71 515 18.1 14.58 460 46 1.6 1.30 41

Nome Creek 160 2.9 4.53 74 214 3.9 6.06 99 140 2.5 3.96 65

Dunham East 15 3.2 0.42 82 10 2.1 0.28 54 10 2.1 0.28 54

Dunham West 10 7.7 0.28 196 5 3.8 0.14 98 5 3.8 0.14 98

Swamp Main - - - - 45 0.5 1.27 12 56 0.6 1.59 15

Swamp Upper - - - - 15 0.9 0.42 22 20 1.2 0.57 29

Sheep Gap Fire

East Bemish Lower 50 0.5 1.42 12 35 0.3 0.99 9 40 0.4 1.13 10

East Bemish Mid 15 0.4 0.42 11 13 0.4 0.37 9 14 0.4 0.40 10

East Bemish Upper 10 1.2 0.28 30 10 1.2 0.28 30 10 1.2 0.28 30

West Bemish 1 10 6.3 0.28 161 10 6.3 0.28 161 8 5.1 0.23 129

West Bemish 2 15 5.0 0.42 127 11 3.7 0.31 93 5 1.7 0.14 42

Liberty Fire

East Liberty - - - - 20 0.6 0.57 15 15 0.4 0.42 11

West Liberty 1 - - - - 25 2.1 0.71 55 20 1.7 0.57 44

West Liberty 2 - - - - 10 2.2 0.28 55 12 2.6 0.34 66

Sunrise Fire

Sunrise - - - - 1 0.1 0.03 2 1 0.1 0.03 2

Maximum Annual Peak Discharge 

2018 2019 2020
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unit peak discharges below 0.6 in/day (15 mm/day). The following is a summary of rainfall 

and peak flow observed at each study site. 

 

4.2.1 Rice Ridge Fire 

Our study sites at the Rice Ridge Fire are split between two larger watersheds: Swamp 

Creek and Dunham Creek. At the Swamp Creek watershed, we recorded 3 significant 

rainfall events, all of which caused a measurable spike in streamflow (Figure 8). The first 

event was on 14 July 2019 and caused a small spike in streamflow of roughly 1 mm/day. 

The storm produced a 2-year rainfall event with an I10 of 1.9 in/hr (49 mm/hr). Two smaller 

rainfall events were recorded on 3 July and 8 July which also caused small spikes in 

streamflow, but these events were not severe enough to exceed a 2-year return period.  

 

On 8 September 2019, a large weather system moved across western Montana. Though the 

event produced some amount of rainfall at all study areas, Swamp Creek and the Liberty 

Fire were the only areas where the event exceeded a 2-year return period. At Swamp Creek 

the storm produced 2-year I10 of 1.9 in/hr (47 mm/hr), a 5-year I30 of 1.2 in/hr (30 mm/hr), 

and a 5-year storm total with 2.6 in (66 mm) of rainfall in 21 hrs. The event caused a 3 

mm/day spike in stream discharge at Swamp Creek (Figure 8).  

 

The last event at Swamp Creek occurred on 28 June 2020 where 2.2 in (55 mm) of rainfall 

were produced over 2 days, resulting in a 2-year storm total. Neither the I10 nor the I30 

exceeded a 2-year return period. It occurred on the falling-limb of the hydrograph and was 

likely a partial rain-on-snow event in the upper portions of the watershed.  
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Figure 8: Hydrograph at the Swamp Main crest gauge. Roughly 3-months of data are missing between 16 
February 2020 and 26 May 2020 due to power loss at the datalogger.  

 

At Dunham Creek the first significant storm was recorded on 14 July 2019. It was a short, 

15-minute rainfall event that did not produce any noticeable spike in streamflow at Nome 

Creek (Figure 9). It was a 5-year storm total, producing 0.1 in (2 mm) of rainfall in 15 

minutes. Based on data from the individual rain gauges, the storm was more intense in the 

lower portion of Dunham Creek, near the Dunham East and Dunham West crest gauges. No 

peak flow was recorded at either of these crest gauges.  

 

Just over a week later, on 23 July 2019, a rainfall event occurred that produced the highest 

rainfall intensity recorded during the three-year study period. While the I10 and I30 calculated 

from this event are 2-year and 10-year return periods, respectively, it was a 100-year event 

based on the storm total (Table 11). In Nome Creek, streamflow spiked to 3.9 in/day (99 

mm/day) (Figure 9). A similar spike was recorded at Spruce 2 where streamflow spiked to 

1.4 in/day (36 mm/day). This storm triggered several debris flows in the vicinity of Nome 

Creek and Spruce Creek  which are described in detail by Walters et al. (2019) (Figure 9). 

 

 

14 July 2019 
8 September 2019 

28 June 2020 
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Figure 9: Peak Flow hydrograph at the Nome Creek crest gauge. Technical issues with the datalogger began 
spring 2020. Data from spring-fall 2019 is shown here. 

 

The crest gauge at Spruce 1 was lost in the debris flow, thus no Spruce 1 data was 

recovered from the event. In an attempt to recreate the runoff from the rainfall event, 

hydrologists from the Lolo National Forest surveyed the scar for high water marks and used 

procedures outlined in the final debris flow report (Walters et al., 2019) to determine that the 

discharge in Spruce Creek just before the debris flow initiated was near 515 cfs (14 cms). 

Normalized for watershed area that is equivalent to 18 in/day (460 mm/day). 

 

On 30 August 2020 University of Montana collaborators acquired arial imagery of a lower 

section of the Spruce 1 watershed with a DJI Inspire UAV. Photogrammetric techniques 

were used to generated a digital elevation model (DEM) of the ground surface following the 

debris flow (see Adams et al., 2016). By comparing the post-debris flow DEM to one 

captured by the Lolo National Forest in the years before the fire, we estimated that roughly 

120,000ft3 (3,500 m3) of sediment and debris was deposited in this section of Spruce 1 

during the event on 23 July 2019. 

 

The drone imagery only covers a portion of the Spruce 1 watershed, and because the debris 

flow scar continues for another ~3 km upstream of the region covered by the analysis, 3,500 

m3 is likely below the total volume of mobilized and/or deposited debris during the event. A 

larger DEM gathered post-debris flow that covers the entirety of the watershed would be 

necessary to calculate the total debris flow volume for the entire watershed. 

 

23 July 2019 

8 September 2019 
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Figure 10: A) First hillslope debris flow. B) Second hillslope debris flow. *Note the road surface is completely 
covered with debris, but extends straight forward from the bottom of the frame curving slightly to the right. C) 
View of the channelized Spruce Creek debris flow. The image shows significant sediment and large woody 

debris deposited on the upstream side of the culvert. Out of frame, the downstream portion of the creek was 
scoured down to bedrock. 

 

As mentioned previously, the weather system on 8 September 2019 produced rainfall at 

Dunham Creek as well, though it was not recorded as a 2+-year event based on any of the 

three storm characteristics. While it produced 2.6 in (66 mm) of rainfall at Swamp Creek, 

about half that amount that occurred at Dunham Creek (1.5 in [35 mm]). Still, the 

precipitation did cause a small spike in streamflow at both Nome Creek (Figure 9) and 

Spruce 2.  

 

Exactly one year after the 2019 debris flows, another relatively high-intensity rainfall event 

hit the Dunham Creek watershed. On 23 July 2020, a 21-minute rainfall event produced 0.4 

in (10 mm) of precipitation. This event was less intense than the 2019 event with an I10 and 

I30 of 1.7 in/hr (43 mm/hr) and 0.8 in/hr (19 mm/hr). While a peak flow was recorded at the 

A)

_ 

C) 

B)

_ 
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crest gauge, the entire gauge itself had shifted, now leaning in the downstream direction, 

essentially rendering the crest gauge “un-calibrated”.  

 

Based on the peak measurement of the shifted crest gauge, the rainfall event caused a 

roughly 5 in (13 cm) increase in flow depth relative to what the gauge was later reading at 

low flow. Assuming the depth-discharge relationship did not change significantly, we can 

estimate that discharge during the event increased by roughly 1 in/day (25 mm/day). 

  

4.2.2 Sheep Gap Fire 

Four significant rainfall events were recorded at Sheep Gap. Three out of these four events 

were long duration, lasting >24-hours, and one was a 2-hour event. The first event, on 15 

October 2018, was a 2-year return period event based on the storm total only. No peak flow 

was recorded from this event.  

 

An event beginning on 16 May 2019 and lasting over two days produced 2.4 in (61mm) of 

total rainfall. It occurred on the falling limb of the hydrograph and produced a small spike in 

flow at East Bemish Mid. In West Bemish 1 the event caused flow to spike to 6.3 in/day (161 

mm/day), the highest level recorded at the site in 2019. This may have been a rain on snow 

event.  

 

On 15 August 2019, a rainfall event produced 0.3 in (7 mm) in just under 2 hours. The event 

had an I10 of 2 in/day (50 mm/day) and produced a small spike in flow at East Bemish Mid 

but did not produce a peak flow at East Bemish Upper, West Bemish 1, or West Bemish 2. 

The crest gauge at East Bemish Lower had been removed during this time by a construction 

crew working on the culvert. 

 

4.2.3 Lolo Peak Fire 

Our rain gauge at the Lolo Peak Fire was in the John Creek watershed where it recorded 3 

significant rainfall events during the study period. The site was only visited once during 2019 

and once during 2020 due to challenging road access conditions. We were not able to 

generate a rating curve for this stream and were thus unable to estimate streamflow during 

these events.  
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4.2.4 Liberty Fire 

One significant rainfall event was recorded in the Liberty Fire burn during the study period, 

on 8 September 2019. Compared to the data from the same event at Swamp Creek, the 

event at Liberty was shorter duration (14 hrs) and produced less rainfall (1.5 in [38 mm]). We 

did not record any measurable peak flow from this event.    

 

4.2.5 Sunrise Fire 

The rain gauge installed at Sunrise malfunctioned initially and was then destroyed during 

salvage logging. No rainfall data was recorded here. This site produced the smallest peak 

flows during the study period. Rarely was there any measurable peak flow recorded, even 

after spring runoff. It is possible that a section of unburned forest between the crest gauge 

and the burned area buffered the peak flow response. 

 

4.3 Ground Cover 

Total percent ground cover was lowest at all sites in July 2018 and showed continual 

recovery in both 2019 and 2020 (Figure 11). The most rapid recovery was seen at the high 

burn severity sites where total percent ground cover increased from 40% in 2018, 69% in 

2019, and 73% in 2020. Total percent ground cover at the moderate and low burn severity 

sites recovered from 59% in 2018 to 77% in 2020, and from 77% in 2018 to 90% in 2020, 

respectively. 

 

At both high and low burn severities, sites with a North-East aspect had more ground cover 

than those with a South-West aspect across all three years (Figure 12). There is an opposite 

relationship at the moderate burn severity sites, where the South-West aspect had more 

ground cover than the North-East aspect. Within each burn severity, the differences 

between North-East and South-West aspect are significant across all three years (p=0.05, 

using a student t-test). 

 

The data was also separated by low and high elevation. Throughout the study, ground cover 

was greater at low elevation sites than at high elevation sites (Figure 13). The difference 

between elevations was significant at high burn severity sites, but not significant at 

moderate burn severity sites (p=0.05, using a student t-test). 
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† † † † † † † 

Figure 11: Percent ground cover based on burn severity (low, moderate, high). Ground cover was 
significantly different at all burn severities in 2018 and 2019 (marked with †). In 2020 the low burn severity 

sites were significantly different, while the moderate and high burn severity sites were not significantly 
different from one another. 

† † † † † † † † 

Figure 12: Percent ground cover, separated by aspect (north-east or south-west). Sites were ground cover 
varied significantly based on aspect are marked with †.   
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4.4 Watershed Models 

4.4.1 WEPPcloud-Disturbed Modification 

WEPPcloud-Disturbed was able to better predict annual peak flows using the Quinn (2018) 

modified parameters than with the default parameters (Figure 14 & Table 13).  

 

Pearson’s correlation coefficient improved from r = 0.37 (p<0.05) to r = 0.66 (p<0.05) and 

RMSE improved slightly, from 1.69 to 1.38. 

 

The Nash-Sutcliffe efficiency (NSE) was greatly improved from -0.1 to 0.2 after modification. 

Modification shifted the model results from “insufficient” into the “sufficient” performance 

category (Foglia et al., 2009).  

 

Before modification, PBIAS was positive which indicated the model was primarily 

underpredicting observed peak flows (Table 14). After modification PBIAS becomes 

negative, indicating the model began to primarily overpredict peak flows. 

 

 

 

† † † 

Figure 13: Ground cover data, separated by elevation. High elevation sites were located at or above 5500 
ft (1700m), low elevation sites were below 5500 ft (1700 m). Note that no low burn severity, high elevation 

sites were sampled during the study. 
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Site Year mm/day in/day mm/day in/day mm/day in/day

2018 68 2.7 40 1.6 104 4.1

2019 36 1.4 8 0.3 40 1.6

2020 27 1.1 11 0.4 92 3.6

2018 71 2.8 95 3.7 106 4.2

2020 41 1.6 79 3.1 86 3.4

2018 74 2.9 89 3.5 101 4.0

2019 99 3.9 53 2.1 34 1.3

2020 65 2.5 76 3.0 81 3.2

2018 82 3.2 36 1.4 36 1.4

2019 54 2.1 36 1.4 36 1.4

2020 54 2.1 29 1.1 29 1.1

2018 98 3.8 132 5.2 129 5.1

2019 39 1.5 83 3.3 84 3.3

2020 39 1.5 81 3.2 81 3.2

2019 12 0.5 9 0.3 30 1.2

2020 14 0.6 38 1.5 69 2.7

2019 22 0.9 11 0.4 11 0.4

2020 30 1.2 19 0.8 19 0.8

2018 12 0.5 7 0.3 7 0.3

2019 12 0.5 26 1.0 28 1.1

2020 10 0.4 15 0.6 18 0.7

2018 10 0.4 7 0.3 14 0.6

2019 9 0.4 72 2.8 41 1.6

2020 10 0.4 23 0.9 32 1.2

2018 29 1.2 7 0.3 32 1.3

2019 29 1.2 35 1.4 37 1.5

2020 29 1.2 24 1.0 27 1.0

2018 159 6.3 12 0.5 93 3.7

2019 177 7.0 87 3.4 204 8.0

2020 80 3.2 31 1.2 162 6.4

2018 83 3.3 7 0.3 28 1.1

2019 84 3.3 36 1.4 44 1.7

2020 68 2.7 53 2.1 55 2.2

West Bemish 1

West Bemish 2

Swamp Main

Swamp Upper

East Bemish Lower

East Bemish Mid

East Bemish Upper

Spruce 2

Spruce 1

Nome Creek

Dunham East

Dunham West

Predicted - 

Modified
Observed

Predicted - 

Default

Table 13: Observed peak annual streamflow versus default and modified WEPPcloud-Disturbed prediction. 
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Another important result of modifying Keff is that the model responds more realistically to 

rainfall-generated runoff events as well as to spring snowmelt events. While the default 

model does capture spring runoff, it does not respond at all to the summer rainfall events 

observed during the study. After modifying the hydraulic conductivity, the model does show 

a spike in runoff during spring snowmelt, but it also responds to rainfall events during the dry 

summer months (Figure 15 & Figure 16).   

 

Figure 14: Observed vs Predicted discharge plots for WEPPcloud-Disturbed default values (left) and 

modified (right). 

R2=0.14 R2=0.44 

Table 14: Performance of WEPPcloud-Disturbed for annual peak flows. 

Pearson's RMSE NSE PBIAS Pearson's RMSE NSE PBIAS

0.37 1.69 -0.12 21 0.66 1.38 0.19 -14

Uncalibrated Calibrated
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Figure 16: Hydrograph comparing observed streamflow at Nome Creek with default WEPPcloud-Disturbed 
and WEPPcloud-Disturbed after modifying Keff. 

Figure 15: Hydrograph comparing observed streamflow at Swamp Creek with default WEPPcloud-Disturbed 

and WEPPcloud-Disturbed after modifying Keff. 
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4.4.2 Return Period Analysis 

Values for the 2, 5, 10, and 25-year annual peak flow return interval at each watershed were 

calculated with each model (FireHydro, StreamStats, WEPPcloud-PEP, and WEPPcloud-

Disturbed with modified Keff). A summary of the output is presented in Table 15, with detailed 

output found in Table A3-Table A6. 

 

In the pre-fire (i.e. unburned) condition WEPPcloud-PEP predicted much larger peak flows 

than the other three models, averaging between 4.3-6.8 in/day (110-172 mm/day) (Figure 

A7). The smallest pre-fire values were predicted by WEPPcloud-Disturbed at 0.2-0.7 in/day 

(6-18 mm/day), while FireHydro and StreamStats predicted values between 0.2-2.0 in/day 

(4-52 mm/day).  

 

In the post-fire condition FireHydro and WEPPcloud-PEP predicted the largest average 

peak flows of between 3.5-10.4 in/day (89-265 mm/day) (Figure A8). WEPPcloud-Disturbed 

predicted post-fire flows between 2.2-3.4 in/day (57-86 mm/day), and StreamStats predicted 

the lowest flows of 1.0-3.2 in/day (24-81 mm/day). 

 

Table 15: Average pre and post-fire peak flow predictions. These values are the average of the 2, 5, 10, and 25-
year return intervals predicted by each model. See Table A3-Table A6 for more detailed output. 

 

 

Used as is, these models are each unique from one another. They use different equations, 

processes, and variables which ultimately results in the notable variability of their outputs 

and makes it difficult to directly compare one model to the other. But because the same burn 

scenarios are applied across each model run, we can compare how sensitive the models 

are to wildfire by using the relative difference in peak flow prediction between the unburned 

and burned scenarios. A summary of the average increase is presented in Table 16. 

 

Fire in/day mm/day in/day mm/day in/day mm/day in/day mm/day in/day mm/day in/day mm/day in/day mm/day in/day mm/day

Rice Ridge 0.4 9 5.3 134 1.1 27 1.9 47 5.9 151 6.4 162 0.4 9 3.3 85

Liberty 1.9 48 10.4 265 2.0 52 3.2 81 6.8 172 7.5 191 0.7 18 3.2 81

Sheep Gap 1.1 28 5.7 144 0.7 18 1.3 32 4.7 119 7.2 182 0.3 8 3.0 76

Lolo Peak 0.2 4 5.2 132 0.8 20 1.4 35 5.4 138 5.9 150 0.3 8 2.2 57

Sunrise 0.6 15 3.5 89 0.6 16 1.0 24 4.3 110 8.5 217 0.2 6 3.4 86

FireHydro

Pre Post Pre Post Pre Post Pre Post

StreamStats WEPPcloud-PEP WEPPcloud-Disturbed
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At 14 of the 18 study sites FireHydro was most sensitive to the burned condition, with peak 

flows increasing by up to 10-12 in/day (254-305 mm/day), or 6000% at some locations 

(Figure A9). This level of sensitivity to burning resulted in FireHydro simulating the largest 

post-fire peak flow of all models compared in this study. 

 

WEPPcloud-Disturbed was also quite sensitive, though not to the same degree as 

FireHydro. At one location, Dunham West, the model predicted a 3000% increase in peak 

flow, while the remaining sites increased by <2000%. Even with flows increasing by 

sometimes 10-15x, their magnitude was still less than those predicted by FireHydro or 

WEPPcloud-PEP. 

 

StreamStats predicted the overall lowest change in peak flow, between 9-100%. Because 

the StreamStats output was simply modified relative to the percent area burned at moderate 

and high severity, those two values will be equivalent. Meaning, if a watershed was burned 

at 50% moderate + high severity, the flow will increase by 50%. If the watershed was burned 

at 100% moderate + high severity, the flow will increase by 100%. With the modifier used in 

this study, flow will never increase by more than 100%. 

 

Finally, WEPPcloud-PEP was by far the least sensitive to burning, often increasing by 

<10%. Still, the magnitude of WEPPcloud-PEP’s flow predictions are among the highest of 

all four models indicating that it is likely overpredicting peak flow, especially for pre-fire 

conditions. 

 

Table 16: Average percent (%) increase in peak flow from pre to post-fire. This is the average of each individual 
watershed within the given fire. 

 

  

 

 

 

FireHydro StreamStats WEPPcloud-PEP WEPPcloud-Disturbed

Fire % increase % increase % increase % increase

Rice Ridge 2390% 63% 7% 1182%

Liberty 806% 56% 10% 359%

Sheep Gap 867% 76% 45% 863%

Lolo Peak 4311% 77% 8% 587%

Sunrise 550% 52% 79% 1442%
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5 Discussion 

5.1.1 Precipitation 

The precipitation data recorded over three years of study suggests there are differences in 

rainfall/storm characteristics across the region. While understanding precipitation patterns is 

difficult, as it involves the complex interaction of atmospheric and topographic factors, we 

know that topography can have a significant impact on both regional (Buytaert et al., 2006; 

Rotunno and Houze, 2007) and smaller catchment scales (Kirshbaum et al., 2007; Colle, 

2008). 

 

A total of 15 rainfall events were recorded that met or exceeded a 2-year precipitation event. 

The average storm recorded was 20 hrs, and most study areas recorded at least one storm 

that met or exceeded that duration. Rice Ridge-Dunham Creek and Liberty were the only 

areas where no storm events exceeded 20 hrs. Even though the only >2-year storm 

recorded at Liberty had a 14 hr duration, the same event was captured at other study sites 

with durations greater than 20 hrs. This suggests that the 8 September 2019 storm was 

indeed a large frontal long-duration rainfall event that impacted a large portion of the other 

study areas as well. 

 

Rice Ridge-Dunham Creek was the only area where no multi-hour rainfall events were 

recorded. In fact, three of the four most significant high intensity, short duration rainfall 

events that were recorded during the study occurred at Dunham Creek. The fourth 

significant event occurred at Lolo Peak. This study area also produced the single highest 

rainfall intensity recorded on 23 July 2019. 

 

The Rice Ridge-Dunham Creek area is unique in that it is the eastern-most study area, and 

it is surrounded by high mountain peaks and ridges. Though the Swamp Creek area is just 6 

mi (10 km) from Dunham Creek it’s topography is much different, opening into the large 

Seeley Lake valley to the west (Figure 17). Kirshbaum et al., (2007) found that topographic 

features such as mountains and ridgelines oriented with certain perpendicular relationships 

to an atmospheric flow pattern can “trigger” the growth of convective storms. It is possible 

that the windward topography at Dunham Creek is such that it does trigger orographic uplift 

when atmospheric conditions are right, thus increasing the probability of concentrated 

storms.  
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While short-duration (≤30-min) rainfall intensity seems to be the most important factor 

triggering runoff-generated debris flows in the first three years following wildfire, the intensity 

threshold beyond which a rainfall event may produce debris flows is difficult to identify and 

can vary greatly from region to region (Thomas et al., 2021). Soil type, vegetation cover, 

antecedent soil moisture, time since burning, and the intensity characteristics of a given 

storm also impact whether large peak flows or debris flows will occur during a rainfall event. 

 

After fires in 1984 and again in 2000, debris flows were recorded in this region following 

short duration rainfall events (Parrett, 1987; Parrett et al., 2004). The debris flow event in 

July 2019 illustrates that this region is certainly capable of generating high intensity, 

destructive rainfall. While debris flow events may be relatively rare, the potential 

consequences of a high-intensity convective rainfall event can be significant in burned areas 

of Western Montana. 

 

5.1.2 Peak Flows 

Past research has shown that streamflow in this region tends to be snowmelt dominated 

(Pederson et al., 2011), and we observed similar trends during this study. Although peak 

Swamp Creek Dunham Creek 

Figure 17: Topography of the Rice Ridge-Swamp Creek and Dunham Creek study areas. Black outlines 
denote study watershed boundaries. The distance between Swamp Creek and Dunham Creek is roughly 7 

miles (11.5 km). 
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flows caused by snowmelt can be well over 100% of the pre-fire flows (Seibert et al., 2010; 

Niemeyer et al., 2020), the effect on rainfall generated runoff can be much more significant, 

increasing by several orders of magnitude (Moody and Martin, 2001; Springer and Hawkins, 

2005). 

 

The largest unit peak flows were observed in the smallest watersheds suggesting that 

smaller watersheds respond more dramatically to rainfall events, especially under burned 

conditions (Gartner et al., 2004; Neary et al., 2005; Stoof et al., 2012). It may also be 

representative of the fact that most runoff-generating rainfall events were relatively small in 

geographic size, thus a greater proportion of smaller watersheds would produce runoff 

compared to a larger watershed. 

 

Few rainfall events generated measurable peak flows in any of our watersheds. While it is 

possible that these events were simply not significant enough to produce runoff, it is also 

possible that the resolution of our crest gauges was too low to capture and record them. 

Many of our gauges were installed during peak flow in 2018, near the edge of the active 

channel. After spring runoff, the water level would drop below the bottom of the crest gauge. 

Once this occurred, we were unable to capture any fluctuations in streamflow through much 

of the summer, unless the water level rose at least to the level of the crest gauge. It is likely 

that small fluctuations in streamflow did occur from these smaller summer storms, but the 

flow never got high enough to register on the crest gauge. 

 

5.1.3 Groundcover 

We collected ground cover data to compare results to the Soil Burn Severity (SBS) maps 

generated post-fire. Our field observations of ground cover generally agree with Parsons et 

al. (2010), which provides rough guidelines as to expected groundcover based on burn 

severity class (Table 17). Because our first measurement was taken nearly a year after 

burning, we would expect groundcover to be higher after even just one spring/summer of 

recovery. So, for example, we measured 40% ground cover at high severity sites. This is a 

reasonable estimate through one season of recovery, even though high severity sites might 

have only 20% immediately after burning.  
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Table 17: Expected groundcover based on burn severity class from Parsons et al. (2010). These are assumed 
immediately after the fire. 

 

 

 A distinct trend was noted at moderate burn severity sites between those with a North-East 

vs South-West aspect. Sites with a South-West aspect had significantly higher ground cover 

than those with a North-East aspect. In fact, sites burned at a moderate severity with a 

South-West aspect are much more similar to the sites burned at low severity, while those 

with a North-East aspect are similar to the average high burn severity site. This pattern is 

present across all three years of study.  

 

Previous studies using satellite imagery to estimate post-fire burn severity have found 

groundcover was bimodally distributed in the first year post-fire, with low severity and 

moderate severity sites comparable to one another while high severity sites were distinctly 

different (Lewis et al., 2017; Quintano et al., 2017). This pattern was observed for those 

sites with a South-West aspect, but the pattern was essentially reversed for sites with a 

North-East aspect, and can be seen clearly in either Figure 12. Instead of low and moderate 

severities looking similar, it is the moderate and high severity sites that look similar while the 

low severity sites are distinctly different.  

 

While the consequences of overestimating burn severity may result in applying unnecessary 

treatments and thus not wisely utilizing limited mitigation funding, the consequences of 

underestimating burn severity could be much more severe. For example, managers on the 

Lolo National Forest noted that burn severity in the Spruce 1 watershed (where the 2019 

debris flow occurred) was likely underestimated, and resulted in a much more significant 

hydrologic response than was predicted during the initial BAER modeling (Walters et al., 

2019). Over half of the area in this watershed is made up of hillslopes with a north aspect 

(Figure A5) which, based on our cover observations, may have resulted in them being 

marked as moderate burn severity when high burn severity was more representative. Had 

this watershed been marked with a high burn severity instead of moderate, managers may 

have elected to treat it which could have mitigated the effects of the debris flow.  

Low 

Severity

Moderate 

Severity

High 

Severity

Ground Cover    

(%)
>50 20-50 <20
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5.1.4 WEPPcloud-Disturbed Modification 

The results of this analysis support findings from Quinn (2018), noting that effective 

hydraulic conductivity (Keff) is a key parameter in predicting post-fire streamflow, and that 

WEPP requires a significant reduction of Keff in order to represent certain post-fire runoff 

characteristics.  

 

After calibrating the full suite of parameters (bulk density, effective hydraulic conductivity, 

anisotropy, field capacity, wilting point, organic matter, interrill erodibility, and rill erodibility) 

Quinn (2018) found the model predicted peak flow with an average NSE of 0.5 over 3 years 

of study. We were able to show that by simply modifying Keff was enough to increase NSE 

from -0.1 to 0.2. With a larger dataset that allowed us to conduct a full calibration at these 

field sites, the model’s predictive ability would likely increase further. These results suggest 

that WEPPcloud-Disturbed relies heavily on hydraulic conductivity as an input parameter 

that drives runoff generation and, at this time, using the modified values may be necessary 

to produce reasonable results when modeling post-fire streamflow.  

 

5.1.5 Return Period Analysis 

FireHydro (Curve Number method), StreamStats (USGS Regression method), and the 

WEPPcloud interfaces are each unique in their predictive ability and scope of application. It 

is critical that users have a certain level of background knowledge in order to understand 

these differences and to know when each tool should be used. Though their outputs look 

similar (a list of 2,5,10, and 25-year peak flows), the scenarios they are meant to represent 

are not necessarily identical. The comparison presented here highlights some notable 

differences between the models and how those differences should guide the interpretation 

of their results. 

 

5.1.5.1 FireHydro 

The Runoff Curve Number methodology implemented by FireHydro is well established as a 

way to predict direct runoff from rainfall events, but it makes several generalizations about 

watershed conditions that are important to understand. By assuming that the watershed is a 

uniform shape, slope, and burn severity, it neglects the importance of critical source areas 

on runoff generation (Boll et al., 2015). Even in unburned conditions, it is unlikely that the 
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entirety of a watershed contributes an equal amount of surface runoff at the outlet. Even 

within its stated maximum watershed size of 2000 acres (800 hectares), there can be 

significant variability in burn severity, hydrophobicity, slope steepness, etc. (Robichaud, 

2000; Sheridan et al., 2007; Moody et al., 2013). This level of hydrologic simplification may 

be reasonable if the watershed is very small with considerable homogeneity in burn severity, 

but this is not the case in many post-fire scenarios. 

 

FireHydro also uses a unit peak discharge method for precipitation inputs which essentially 

assumes a “worst case scenario” rainfall event, where the storm duration is equal to the 

watersheds time of concentration (the time it takes for a water molecule to travel from the 

hydrologically furthest point of the watershed to the outlet) and that the event occurs evenly 

across the entire watershed. This results in the highest possible peak flow for a given rainfall 

intensity. We know that high intensity rainfall events in this region tend to be quite short in 

duration (<30 minutes), so this may not be a reasonable assumption for many mid-size to 

large-size watersheds where the time of concentration can exceed 1 hour.  

 

Lastly, selecting a proper curve number remains fraught with uncertainty. Though many 

forest managers have created guidelines for post-fire curve number selection, it is unclear 

how accurate or widely applicable the guidelines are as few site-specific studies have been 

published. The Curve Number method is useful in urban and agricultural areas, but it is 

often inaccurate in both unburned (Hawkins, 1993; Ponce and Hawkins, 1996; McCutcheon, 

2003; Springer and Hawkins, 2005; Tedela et al., 2012) and burned forest watersheds 

(Chen et al., 2013; Soulis, 2018). Therefore, relying on the Curve Number method will likely 

result in inaccurate peak flow predictions without significant calibration at individual 

watersheds.  

 

These issues become apparent when comparing the return period predictions made by 

FireHydro (Table A3-Table A6) to our observed annual peak flows. Keeping in mind that 

FireHydro only predicts rainfall-generated peak flows, the predictions were generally much 

higher than anything measured in the field during peak spring runoff, and were certainly 

higher than what was observed during most rainfall events. Ultimately, post-fire managers 

must decide whether this approach is suitable, relative to the complexity of conditions in 

their burned scenario. 
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5.1.5.2 StreamStats 

The regression equations used in the Montana StreamStats application are well 

documented (USGS, 2016a), though little has been published on its applicability in the post-

fire environment. The method relies on many of the same assumptions presented above 

meaning it does not address the complexity of variable burned conditions, and it relies on 

the user to select an appropriate scaling factor to represent post-fire hydrologic changes. 

The use of a 2x modifier for moderate and high burn severity means that the post-fire flow 

will only ever be 100% larger than the pre-fire flow, even in the most severe burned 

conditions. This “ceiling” on the magnitude of increase results in StreamStats being among 

the least responsive models to burning. 

 

The two most sensitive parameters for StreamStats’ predictions are annual precipitation and 

watershed size (Sando et al., 2018). This means that either annual variability or shifts in 

long term precipitation trends could result in significant model error, especially in smaller 

watersheds such as those in this study. If the basin characteristics of a given watershed 

vary significantly from those used the regression development, the results are likely to be 

unreliable (McCarthy et al., 2016b). For example, the 53 basins used to generate the 

equations representing the sites in this study (Western hydrologic region) had areas 

between 6.4 mi2 [16.4 km2] and 2516 mi2 [6516 km2], much larger than the watersheds 

analyzed in this study. For many of the smaller mountain stream crossings that are 

frequently impacted by fire, modeling with StreamStats may not be the best option. 

 

It is also important to recognize that the output values from StreamStats represent an 

entirely different set of peak-flow scenarios than FireHydro. While FireHydro only predicts 

rainfall-generated runoff, StreamStats simply predicts annual peak flow, whether that flow is 

generated by rainfall or snowmelt. So, because streamflow in this region is dominated by 

spring snowmelt, the peak flows predicted by StreamStats should be interpreted a spring 

runoff, not as rainfall-generated runoff. If managers’ primary concern is high-intensity 

summer rainfall events, then StreamStats would be inappropriate to use for peak flow 

predictions. If users are interested in changes in the overall annual streamflow regime, and if 

the watershed is of the appropriate size, StreamStats may be an effective tool to make 

rough hydrologic predictions. 
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5.1.5.3 WEPPcloud-PEP and WEPPcloud-Disturbed 

Even though WEPPcloud-PEP and WEPPcloud-Disturbed employ the same base WEPP 

model processes, they use different input parameters which results in notably different 

simulated outputs. WEPPcloud-PEP uses an older WEPP soil file format (version 2006.2) 

that assumes a single soil layer with a standardized 15 in (400 mm) soil depth for all burned 

conditions. This limits both soil-water storage and losses to groundwater seepage which 

results in unrealistically elevated volumes of runoff and lateral flow that cause massive 

spikes in peak streamflow (Figure 18). In this simulation, the majority of runoff occurs very 

early in the spring, ending by late February or early march. Though earlier snowmelt is 

expected after wildfire (Seibert et al., 2010; Gould et al., 2016), the change should shift only 

by days or weeks, not months. Ultimately WEPPcloud-PEP did not appropriately represent 

the saturation-excess runoff scenarios that occur during spring. 

 

 

Figure 18: Example hydrograph comparing both a burned and unburned scenario ran with WEPPcloud-PEP with 
a standard (i.e. unburned) WEPPcloud run. WEPPcloud has been validated for use in snow-dominated 

watersheds by Srivastava et al., (2017). *Note that the green line (PEP-Unburned) tracks perfectly with the 
orange line (PEP-Burned) during the highest spikes indicating that there is very little difference between the 

burned and unburned scenarios. 

 

Contrasting WEPPcloud-PEP, WEPPcloud-Disturbed uses the standard SSURGO soil input 

parameters and simply modifies the values for saturated hydraulic conductivity, rill 

erodibility, and interrill erodibility, all of which are altered by wildfire. Another critical 

difference is that WEPPcloud-PEP reduces soil depth on all burned hillslopes to 15 in (400 
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mm), while WEPPcloud-Disturbed does not alter the depth of burned soils. The resulting 

peak flow predictions from WEPPcloud-Disturbed (Table A3-Table A6)  are more 

representative of the peak flows observed during this study. 

 

While streamflow during spring runoff is still noticeably flashy, the magnitude of the peaks 

predicted by Disturbed is much less than WEPPcloud-PEP (Figure 19). The overall duration 

of snowmelt is shorter than the unburned scenario while still extending through mid to late 

spring, which would be expected under burned conditions.  

 

 

Figure 19: This is the same example hydrograph scenario from Figure 18, but comparing the unburned 
WEPPcloud output with a burned scenario from WEPPcloud-Disturbed. *Note that output from Standard 

WEPPcloud is identical to the output from running WEPPcloud-Disturbed in an unburned condition.  

 

It is important to recognize that this study only modified hydraulic conductivity for the first-

year post-fire; it was not adjusted to represent the successional hydrologic recovery of the 

watershed in years two and three of the study. Therefore, the model tending to overpredict 

observed peak flows (PBIAS=-14) is expected. Further research with more complete 

streamflow datasets is necessary to quantify the annual hydrologic recovery of these types 

of small, high elevation watersheds which would lead to a more thorough calibration of 

WEPPcloud-Disturbed.  
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Numerous studies have validated WEPP for modeling streamflow in forested watersheds 

(Covert et al., 2005; Pieri et al., 2007; Dun et al., 2009; Brooks et al., 2016; Srivastava et al., 

2017, 2020) but few have done this for post-fire conditions (Quinn, 2018). The results from 

this study indicate that WEPPcloud-Disturbed is able to predict post-fire peak flows with at 

least sufficient accuracy (NSE=0.2) with the simple modification/calibration of effective 

hydraulic conductivity.  
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6 Conclusion 

After 5 wildfires in 2017, peak streamflow was monitored for three years at 17 culverts in 

burned watersheds spread throughout the Lolo National Forest in Western Montana. We 

found that peak annual flow occurred during spring runoff in all cases except for one short 

duration, high intensity rainfall event that caused large peak flows and debris flows in 3 

watersheds. While other rainfall events were recorded throughout the study area, none were 

significant enough to generate large, measurable peak flows. We also found that short 

duration, high intensity convective rainfall events occurred most frequently in the eastern 

portion of the study area, whereas long duration, low intensity events were more common to 

the West. Because of this, it might make sense for managers to prioritize the eastern portion 

of the forest for post-fire treatments if faced with a restrictive budget or other resources. 

 

Groundcover measurements suggested that aspect had an impact on burn severity. Within 

sites defined by the SBS map as moderate burn severity, we found that North-East facing 

hillslopes had significantly less vegetation cover than hillslopes facing South-West. This may 

be a result of greater pre-fire vegetation and fuel density on North-East hillslopes which lead 

to higher burn severity than the less vegetated South-West slopes.  

 

We then compared streamflow predictions from four different hydrologic models. FireHydro 

and StreamStats are empirically based models that either oversimplify watershed conditions, 

have constraints on applicable watershed characteristics such as basin size, or are unable 

to predict runoff from spring snowmelt. They physically based WEPPcloud-PEP model uses 

simplified soil and landuse parameters which result in an inability to predict streamflow 

during certain conditions such spring snowmelt. WEPPcloud-Disturbed on the other hand 

uses more detailed and representative SSURGO soil parameters to represent burned 

conditions. Without modification, the default values provide accurate results during spring 

snowmelt though they do not accurately represent infiltration excess runoff, but by further 

reducing the effective hydrologic conductivity the model can predict runoff from both rainfall 

and snowmelt events. These results suggest that WEPPcloud-Disturbed likely represents 

the most useful and efficient method for conducting hydraulic analyses and making post-fire 

treatment prescriptions. 
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7 Fire Effects on Fish Populations 

As wildfires continue to increase in size, severity, and frequency (Westerling et al., 2006; 

Dennison et al., 2014; Parks and Abatzoglou, 2020) post-fire mitigation efforts have become 

increasingly widespread and, critically, much more expensive (Robichaud et al., 2014). Post-

fire treatments implemented by the U.S. Forest Service Burned Area Emergency Response 

(BAER) program focus primarily on mitigating issues of increased runoff, erosion, flooding, 

and debris flows, all of which may result in damaged forest infrastructure (i.e. roads, 

buildings, etc.) and can limit access to public lands. Of course, these are not the only values 

that are at risk after a wildfire. Severe aquatic habitat degradation often occurs in burned-

over riparian zones resulting from lost vegetation cover, decreased water quality, changes in 

flow regime, among other factors. BAER treatments often neglect to directly address 

degraded fish habitat, focusing more on land and road treatments (Robichaud et al., 2014). 

Because of this, there is great need for the integration of post-fire land management and 

aquatic habitat restoration strategies. 

 

Wildfire has been shown to have both direct and indirect impacts on fish populations. Direct 

impacts such as increased stream temperature and changes in water chemistry can directly 

cause fish mortality during and immediately following wildfire (Minshall et al., 1989; 

McMahon and DeCalesta, 1990; Hitt, 2003). The indirect effects of wildfire include changes 

in hydrologic flow regime, increased erosion and sediment transport, altered channel 

substrate size and quality, and changes in woody debris and riparian vegetation cover 

(Amaranthus et al., 1989; Megahan, 1991; Bozek and Young, 1994; Benda et al., 2003; 

Burton, 2005) 

 

In the Northern Rocky Mountain region, many fish species of interest such as Westslope 

Cutthroat Trout (Oncorhynchus clarkii lewisi), Yellowstone Cutthroat Trout (Oncorhynchus 

clarkii bouvieri), Bull Trout (Salvelinus confluentus), and Steelhead (Oncorhynchus mykiss) 

are able to sustain populations in fire prone environments under natural disturbance regimes 

(Thorpe, 1994; Willson, 1997). In fact, these species may rely on fire as a natural 

disturbance that maintains the general health of their aquatic ecosystem. The short-term 

effect of wildfire is often observed fish mortality due to increased stream temperature both 

during and after the fire (Gresswell, 1999; Isaak et al., 2010) as well as elevated erosion and 

sediment loading during large runoff and debris flow events (Bozek and Young, 1994; Brown 
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et al., 2001; Benda et al., 2003) The long term effect on the other hand is thought to be 

positive. Increased runoff, erosion, and mass wasting events supply the stream with large 

woody debris and sediment that leads to greater stream heterogeneity and ultimately 

provides a more complex, diverse, and healthy habitat (Brown, 1989; Reeves et al., 1995; 

Rieman and Clayton, 1997; Gresswell, 1999; Benda et al., 2003; Bisson et al., 2003; 

Kirkland et al., 2017). 

 

7.1.1 Habitat Connectivity and Life History 

Rieman et al. (1997) found that Bull Trout and Rainbow Trout may have been entirely 

extirpated from some streams immediately following wildfires in the 1990s due to a 

combination of the aforementioned effects. In this study, both species of fish were able to 

recolonize the defaunated stream reaches within 1-year post-fire. In some cases, fish 

densities became more abundant than they had been before the fire, though the increase 

was primarily in populations of younger fish. The rapid recovery was attributed to high levels 

of connectivity between areas of high severity burn and adjacent areas of low severity or 

unburned conditions, as well as connectivity to suitable habitat much further downstream or 

in separate tributaries. The unburned areas acted as refugia, allowing the fish to escape and 

survive until conditions recovered (i.e. reduced levels of suspended sediment, recovered 

riparian vegetation and shading, etc.) and they were able to move back into the heavily 

impacted streams. Had fish barriers existed between the downstream region where the adult 

fish were living and the headwaters spawning grounds, the Bull Trout may not have been 

able to successfully re-establish in this system. 

 

There is also evidence (Novak and White, 1989; Sheldon and Meffe, 1995; Rieman and 

Clayton, 1997; Sloat et al., 2014) that fish populations, especially in regions prone extreme 

disturbance (like wildfire) maintain non-residential, or migratory life histories. Rieman et al. 

(1997) observed a rapid recovery of young Bull Trout in in a stream reach that was 

presumed defaunated a year earlier. After spotting 5 large (>400 mm) Bull Trout just 

downstream, the authors concluded that these were non-resident adult fish had moved out 

of the system prior to it burning but had returned shortly after to spawn, thus repopulating 

the stream. This is an example of how fish species have adapted to survive in a fire prone 

landscape.  
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The above study is an example of successful recovery because of suitable habitat 

connectivity before the fire, but there are also examples of recoveries that were 

unsuccessful due to insufficient habitat connectivity. Following wildfires in the late 1980s and 

early 1990s (Divide Fire, 1989; Bonner Fire, 1995; Lookout Fire, 1996) populations of Gila 

Trout (Oncorhynchus gilae) were completely eliminated from several remaining strongholds 

in the Southwestern U.S. (Propst et al., 1992; Propst and Stefferud, 1997; Brown et al., 

2001). These extirpations occurred where the trout populations were isolated in relatively 

small area of designated wilderness on federal land. When the watersheds burned, BAER 

teams took action to protect trail systems from accelerated erosion to prevent “deterioration 

of water quality” in trout streams (USFS, 1997). This alone was not enough. The trout were 

unable to escape either the direct impacts of stream temperature increases, or the indirect 

impact of sediment and wildfire ash pulses resulting from monsoonal rains. Brown et al. 

(2001) found that increasing stream length (i.e. habitat connectivity to refugia) could have 

increased the chances of survival for these fish populations.  

 

Generally, forest management practices such as logging, livestock grazing, agriculture, and 

urban-type development have led to stream conditions that cut-off potential fish habitat 

through the construction of barriers such as impassable culverts, or that isolate fish 

populations above barriers in habitat fragments too small to support them (Hilderbrand and 

Kershner, 2000). It is this type habitat isolation that may can lead to fish recovery issues 

following wildfire.  

 

7.1.2 Natural Fire Regime 

A second finding of the Gila Trout study was that changes to the natural fire regime may 

have played an even more important role in the observed extirpation. Where the natural fire 

regime in this region had been one of relatively frequent and cool-burning fires, human 

intervention increased the potential for more catastrophic, high severity crown fires. 

Ultimately it was this type of wildfire that lead to the Gila Trout being eliminated from the 

burned areas. Brown et al. (2001) found that reducing the risk of catastrophic wildfire by 

even a small amount could lead to substantial reductions in the risk of fish extirpation. 

Unfortunately, reducing the risk of catastrophe is unlikely considering the observed 

increases in the scale and severity of wildfire over the past 2 decades (Westerling et al., 

2006; Littell et al., 2010; Dennison et al., 2014) 
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7.1.3 Post-Fire Management 

Current post-fire assessment and treatment strategies used by the Burned Area Emergency 

Response (BAER) program focus on mitigating the negative effects of wildfire on human life 

and safety, property, natural resources, and cultural and heritage resources (Table 18). 

BAER treatments are broken into four categories:1) Land Treatments, 2) Channel 

Treatments, 3) Road and Trail Treatments, and 4) Public Protection and Safety Treatments 

(Napper, 2006). Prescription of these treatments is based on an assessment of the fire’s 

effect on watershed function and “whether these effects will threaten life, safety, or property, 

or cause degradation to natural or cultural resources” (Napper, 2006). During the 

assessment, a BAER team evaluates 21 different items in order to identify the values at risk 

as a result of the wildfire (Table 19).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 18: Critical Values listed in the Burned Area Emergency Response Interim Directive (USFS, 2018) 
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Note that while “Critical habitat or suitable occupied habitat for federally listed threatened or 

endangered terrestrial, aquatic animal, or plant species on NFS lands” is listed as a critical 

value, there are no assessment items that directly address a fires impact on fish/aquatic-

animal habitat. Still, Robichaud et al. (2014) found that 40% of BAER projects between 

1972-2009 cited “threatened and endangered (T and E) species” as a risk to be mitigated 

using BAER funds (Table 20). It is unclear what proportion of the T and E species of 

concern in the BAER reports were either plants or animals, but it is likely that the 40% is a 

combination of the two. The authors do note that protection of Bull Trout likely contributed, in 

part, to the frequent selection of water quality as a treatment justification in Regions 1, 4, 

and 6.  

 

 

 

 

 

 

 

Table 19: List of assessment items used by BAER teams to identify Values at Risk, taken from 
Napper (2006). 
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There seems to be a disconnect between the Critical Values outlined in the BAER directive 

and the treatment options/actions available to BAER teams. By design, the BAER treatment 

options, their descriptions, or their emergency stabilization objectives rarely identify habitat 

stabilization as a primary goal of the treatment. In fact, the treatment’s impact on “sensitive 

aquatic species” is mentioned in only 2 of the 36 treatment options outlined in the Burned 

Area Emergency Response Treatments Catalog (Napper, 2006). This means that rather 

than being able to prescribe a treatment with the specific purpose of maintaining suitable 

fish habitat (e.g. upgrading a culvert to allow fish passage), BAER teams may include a fish 

habitat treatment as a more general “water quality” treatment.  

Because BAER expenditures have slowly risen over the past 3-4 decades (Robichaud et al., 

2014), some BAER teams have found it difficult to secure funding for fish habitat-specific 

post-fire treatments. If this problem persists, BAER teams may still be able to find funding 

opportunities from third party/private entities whose mission is to maintain or improve fish 

habitat through this type of mitigation work.  

 

7.1.4 Funding Opportunities for Post-Fire Rehabilitation 

A variety of groups, in both the private and public sector, sustain programs that provide 

funding for fish habitat restoration projects across the country. For example, in 2015, Trout 

Unlimited (TU) established the Coldwater Conservation Fund (CCF) with the mission of 

“supporting scientific research, on-the ground projects, and other high-priority work of Trout 

Unlimited that might not otherwise be funded”. Conservation funding has been the primary 

way that TU has worked to achieve their mission of “conserving, protecting, and restoring 

Table 20: Table 3 from Robichaud et al. (2014) showing the 
proportion of Burned Area Reports that selected each value at risk 
category as justification for post-fire treatment expenditures by both 

decade and by region. 
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North America’s coldwater fisheries and their watersheds” (TU, 2020). Historically they have 

done this through both private fundraising as well as leveraging federal resources towards 

what they believe are important conservation projects. The CCF provides a private, 

unrestricted source of funding for TU projects. Since it’s creation, the CCF has granted over 

$1.2M worth of funding for conservation-related issues “ranging from venture-capital style 

project startups to emergency funding for urgent needs or late-breaking opportunities”.  

 

A brief analysis of CCF project summaries from 2015-2019 indicates that CCF has provided 

grants to a wide array of projects from reintroducing native brook trout to the Delaware 

River, to dam removal projects in Western Montana, to developing an mobile application 

that allows users to conduct their own basic surveys of stream impairment (TU, 2015, 2016, 

2017, 2018, 2019). Only one project in the last 5 years has been related to habitat 

degradation caused by wildfire. In 2019, a project was proposed that would aid in the large-

scale restoration of the Upper Eel River in Northern California. This stretch of river provides 

important habitat for the Northern California Coast Steelhead, which is listed as threatened 

under the Endangered Species Act (HHS, 2014). In 2018, the Mendocino Wildfire Complex 

burned this area at moderate to high severity and, as was addressed above, the BAER 

program was unable to address the fire impacts on river and stream habitat. In this case, the 

CCF provided $20,000 to develop a restoration plan for this watershed. While this type of 

funding is important in the long-term recovery of the watershed, it is not the type of 

immediate funding that would be necessary to work with a BAER project and the BAER 

timeframe. Funding proposals for Trout Unlimited can take anywhere from six to eighteen 

months to process. 

 

If organizations like TU (CCF) provided a quickly accessible funding source, BAER teams 

could supplement the resources provided by the federal government with these private 

grants. With these funds, BAER teams could more effectively address their mandate while 

also working to mitigate the degradation of critical stream habitat, and more quickly begin 

the habitat restoration process.  

 

7.1.5 Recommendations 

If a BAER team is unable to secure funding through the BAER program for post-fire fish 

habitat treatments, then outside agencies should be contacted for assistance. Below is a list 
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of entities, both public and private, that may be suitable to fund some portion of a fish habitat 

related post-fire mitigation project (Table 21).  

 

Many of these agencies require a relatively lengthy (6-18 month) application process. This 

timeline may be suitable for BAER Emergency Stabilization treatments that must be  within 1 

year of fire containment (USFS, 2018a), however it may be suitable to acquire funding for 

Burned-Area Restoration treatments which have a window of 3 years post-fire to be 

implemented (USFS, 2018a).  

 

A few of these entities have been involved in post-fire emergency and restoration 

treatments. Namely, Trout Unlimited (TU) and the National Fish and Wildlife Federation 

(NFWF) have both provided funding directly to U.S. National Forests for post-fire fish habitat 

management (see TU/CCF discussion above, and see existing partnerships between NFWF 

and the U.S. Forest Service: (https://www.nfwf.org/partnerships/federal-state-partners/usda-

forest-service). U.S. Forest Service managers should check to see if their region is already 

involved in a partnership with NFWF as this may provide a more efficient and timely 

mechanism for funding acquisition.  

 

Many of the organizations listed in Table 21 explicitly state that providing “emergency 

funding” is one of their goals. What they may not understand that, in the BAER program, 

“emergency funding” comes with a very short timeline of implementation, often and ideally 

just a couple of months. Not only does a quick response result in a more effective overall 

treatment, it is also mandated under the Burned Area Emergency Response program 

(USFS, 2018a). They may be unaware that by not providing a “fast track” option for 

emergency funding, they are limiting the possibility of their involvement in important post-fire 

mitigation and rehabilitation work.   

 

In an emergency funding situation, the 2500-8 Burned Area Reports and associated 

specialist reports are quite thorough and could be used as initial application documentation. 

Supplementary information may be required to finish the application. In this way, a BAER 

team would quickly and relatively easily apply for funding that can be incorporated into their 

general treatment plan. Working together with Forest Service (i.e. BAER) managers, these 

entities can begin planning and organizing a pool of post-fire emergency funds.   

 



 

 

 

 

6
3
 

Table 21: Third-party entites with potential funding for post-fire rehabilitation projects. This list is not exhaustive but provides a starting point for BAER teams 
searching for supplemental funding opportunities. (Accessed December 2022) 

 

 

Organization Name Webpage Phone Number Email 

Trout Unlimited

https://www.tu.org/get-involved/volunteer-

tacklebox/fundraising-resources/grants-corporate-

fundraising/applying-for-grants/

(703) 284-9426 -

National Fish Passage Program
https://www.fws.gov/fisheries/fish-passage/fish-

passage-coordinators-and-resources.html
- michael_bailey@fws.gov

National Fish and Wildlife 

Foundation
https://www.nfwf.org/become-partner (202) 857-0166 -

U.S. Fish and Wildlife Service https://www.fws.gov/grants/ - fwsgrants@fws.gov

The Fund for Wild Nature https://fundwildnature.org/ (858) 367-9453 fwn@fundwildnature.org

Organization Name Webpage Phone Number Email 

Local State Fish & Wildlife 

Departments
- - -

Fish America Foundation https://www.fishamerica.org/ (703) 519-9691 fafgrants@asafishing.org

Western Native Trout Initiative https://westernnativetrout.org/ - tthompson@westernnativetrout.org

The Partners for Fish and Wildlife 

Program

https://www.fws.gov/pacific/ecoservices/habcon/partne

rs/index.html

Varies by 

State/Region
Varies by State/Region

NOAA Fisheries https://www.fisheries.noaa.gov/funding-opportunities
Varies by 

State/Region
Varies by State/Region

Montana Future Fisheries 

Improvement Program

http://fwp.mt.gov/fishAndWildlife/habitat/fish/futureFish

eries/eligibility.html
(406) 444-2432 mmcgree@mt.gov

RiversEdge West https://riversedgewest.org/funding (970) 256-7400 Kjespersen@riversedgewest.org

Eastern Brook Trout Joint Venture https://easternbrooktrout.org/funding-opportunities - ebtjv.coordinator@gmail.com

National Scale Funding Entities

Region-Specific Funding Entities 
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Appendix A: Tables Figures, cont’d 

 

Figure A1: Study watersheds at the Lolo Peak Fire. Mormon Creek was instrumented, and flow data was recorded by managers at the Lolo National Forest. 
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Figure A2: Study watersheds at the Sheep Gap Fire. Note that East Bemish Mid, East Bemish Upper, West Bemish 1, and West Bemish 2 are nested within 
the East Bemish Lower watershed. 
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Figure A3: Study watersheds at the Sunrise Fire. 
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Figure A4: Study watersheds at the Liberty Fire. 
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Figure A5: Study watersheds at the Rice Ridge Fire – Dunham Creek. 
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Figure A6: Study watershed at the Rice Ridge Fire – Swamp Creek. 



83 

 

 

 

Table A1: 6-hr and 24-hr precipitation return intervals, from (Miller et al., 1973). 

 

 

Fire Return Period in mm in mm

2-year 1.9 48 1 25

5-year 2.2 56 1.3 33

10-year 2.7 69 1.5 38

25-year 3 76 1.6 41

50-year 3.4 86 1.9 48

100-year 3.8 97 2.1 53

2-year 1.7 43 0.8 20

5-year 1.8 46 1.1 28

10-year 2.2 56 1.3 33

25-year 2.6 66 1.5 38

50-year 3 76 1.6 41

100-year 3.4 86 2 51

2-year 1.4 36 0.9 23

5-year 1.7 43 1.1 28

10-year 2 51 1.3 33

25-year 2.6 66 1.7 43

50-year 2.8 71 1.8 46

100-year 3.2 81 2.1 53

2-year 1.9 48 1.2 30

5-year 2.4 61 1.5 38

10-year 2.8 71 1.8 46

25-year 3.2 81 2.1 53

50-year 3.6 91 2.4 61

100-year 4 102 2.6 66

2-year 2.2 56 1.1 28

5-year 2.6 66 1.3 33

10-year 3 76 1.5 38

25-year 3.6 91 1.8 46

50-year 3.9 99 2 51

100-year 4.3 109 2.2 56

Sheep Gap

Liberty 

Sunrise

24-hr 6-hr

Rice Ridge

Lolo Peak
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Table A2: Short duration rainfall intensity return intervals. These were calculated using the values in Table A1 and methods from Miller et al. (1973) 
and Arkell & Richards (1986). 

in/hr mm/hr in/hr mm/hr in/hr mm/hr in/hr mm/hr in/hr mm/hr in/hr mm/hr in/hr mm/hr in/hr mm/hr

2 year 1.5 39 0.7 19 1.6 41 0.8 20 1.6 39 0.8 19 2.2 55 1.1 27

5 year 1.7 43 0.8 21 2.6 65 1.3 32 2.4 61 1.2 30 2.7 69 1.3 34

10 year 2.4 61 1.2 30 2.9 74 1.4 36 2.6 65 1.3 32 3.4 87 1.7 43

25 year 2.7 69 1.3 34 3.4 86 1.7 43 3.1 77 1.5 38 4.1 103 2.0 51

50 year 3.4 85 1.7 43 4.0 102 2.0 51 3.4 85 1.7 43 4.4 111 2.2 55

100 year 3.9 98 2.0 50 4.3 109 2.2 56 3.9 99 2.0 50 5.0 128 2.6 65

Return 

Interval

Lolo Peak Fire Sheep Gap Fire Rice Ridge Fire Liberty Fire

10 min 30 min10 min 30 min30 min10 min 10 min 30 min
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Figure A7: Pre-Fire peak flow predictions. This is the average of the 2, 5, 10, and 25-year flow prediction at each site. Values are normalized by watershed 
area. This uses the default (i.e. uncalibrated) WEPPcloud-Disturbed soil values.  
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Figure A8: Post-Fire peak flow predictions. This is the average of the 2, 5, 10, and 25-year flow prediction at each site. Values are normalized by watershed 
area. This uses the default (i.e. uncalibrated) WEPPcloud-Disturbed soil values. 
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Figure A9: Average increase in peak flow predictions from pre to post-fire. This is the average of the 2, 5, 10, and 25-year flow prediction at each site. Values 
are normalized by watershed area. This uses the default (i.e. uncalibrated) WEPPcloud-Disturbed soil values. 
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Table A3: Return period Pre and Post-fire peak flow predictions for study locations at the Rice Ridge Fire. Peak flow values are normalized by watershed 
area. All are in units of inches/day. 

 

Site

Return 

Period 

(yrs)

Pre Post Increase
Avg. 

Increase
Pre Post Increase

Avg. 

Increase
Pre Post Increase

Avg. 

Increase
Pre Post Increase

Avg. 

Increase

2 0.1 3.5 3.5 0.6 1.3 0.6 4.5 4.7 0.2 0.2 2.8 2.6

5 0.2 5.2 5.0 1.5 3.0 1.5 5.5 6.1 0.5 0.3 3.4 3.1

10 0.4 8.0 7.6 2.4 4.9 2.4 6.1 6.7 0.6 0.3 3.9 3.5

25 0.7 9.9 9.2 4.7 9.4 4.7 6.9 8.7 1.8 0.4 4.4 4.0

2 0.1 3.6 3.6 0.6 1.3 0.6 4.8 4.9 0.1 0.3 3.1 2.8

5 0.2 5.3 5.1 1.2 2.4 1.2 6.2 6.2 0.0 0.4 3.8 3.5

10 0.4 8.2 7.8 1.9 3.7 1.8 6.7 7.8 1.0 0.4 4.2 3.8

25 0.8 10.1 9.4 3.2 6.3 3.1 8.6 10.4 1.9 0.4 4.9 4.5

2 0.1 2.1 2.0 0.5 0.8 0.4 4.3 4.3 0.0 0.5 2.0 1.5

5 0.2 3.2 3.1 0.7 1.3 0.6 5.1 5.1 -0.1 0.6 2.5 1.8

10 0.4 5.5 5.1 1.0 1.8 0.8 5.7 5.7 0.0 0.7 2.8 2.1

25 0.7 6.9 6.2 1.3 2.3 1.0 6.7 6.7 0.0 0.8 3.0 2.1

2 0.0 0.4 0.4 0.2 0.2 0.1 3.8 4.0 0.2 0.1 1.4 1.3

5 0.2 0.9 0.6 0.4 0.5 0.2 4.8 5.2 0.3 0.1 2.0 1.9

10 0.4 2.8 2.4 0.6 0.8 0.2 5.5 5.9 0.3 0.1 2.7 2.6

25 0.9 4.5 3.7 0.9 1.2 0.4 6.2 8.9 2.8 0.2 3.5 3.4

2 0.1 6.0 5.9 0.1 0.1 0.0 3.9 4.0 0.2 0.1 3.1 3.0

5 0.1 7.9 7.9 0.1 0.2 0.1 4.8 5.8 1.1 0.1 5.0 4.9

10 0.7 12.6 11.9 0.2 0.3 0.1 6.2 7.1 0.9 0.2 6.2 6.0

25 0.7 15.9 15.2 0.3 0.5 0.2 8.2 9.1 0.9 0.2 7.5 7.3

2 0.1 0.8 0.7 0.6 0.8 0.2 5.4 5.4 0.0 0.5 2.6 2.1

5 0.2 1.8 1.6 1.0 1.3 0.3 6.3 6.2 0.0 0.6 3.2 2.7

10 0.5 4.0 3.6 1.3 1.8 0.4 6.9 6.9 0.1 0.6 3.5 2.9

25 0.9 5.7 4.9 1.7 2.3 0.6 8.1 8.0 -0.1 0.6 4.1 3.5

2 0.1 1.3 1.2 0.4 0.5 0.2 4.5 4.5 0.0 0.3 1.6 1.3

5 0.2 2.2 2.0 0.6 0.8 0.2 5.6 5.6 0.0 0.3 1.8 1.5

10 0.4 4.0 3.6 0.8 1.1 0.3 7.0 7.0 0.0 0.3 1.9 1.6

25 0.7 5.3 4.6 1.0 1.4 0.4 7.7 7.7 -0.1 0.4 2.3 1.9

Rice Ridge Fire

Spruce 2 6.3 2.3 0.8 3.3

RCN (FireHydro) USGS-Regression (StreamStats) WEPPcloud-PEP WEPPcloud-Disturbed

Spruce 1 6.4 1.7 0.7 3.6

Nome Creek 4.1 0.7 0.0 1.9

Dunham East 1.8 0.2 0.9 2.3

Dunham West 10.2 0.1 0.8 5.3

Swamp Upper 2.7 0.4 0.0 2.8

Swamp Main 2.9 0.3 0.0 1.6
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Table A4: Return period Pre and Post-fire peak flow predictions for study locations at the Liberty Fire. Peak flow values are normalized by watershed area. All 
are in units of inches/day. 

 

Site

Return 

Period 

(yrs)

Pre Post Increase
Avg. 

Increase
Pre Post Increase

Avg. 

Increase
Pre Post Increase

Avg. 

Increase
Pre Post Increase

Avg. 

Increase

2 0.3 7.2 6.9 1.3 2.4 1.1 4.9 4.9 0.0 0.7 2.7 2.0

5 0.9 12.0 11.1 2.1 3.9 1.8 5.7 5.8 0.1 0.9 3.3 2.4

10 1.8 16.3 14.5 2.8 5.2 2.5 6.3 6.8 0.5 1.0 3.8 2.8

25 3.4 20.9 17.5 3.5 6.6 3.1 7.9 11.9 4.1 1.3 4.4 3.1

2 0.3 6.7 6.3 0.9 1.6 0.6 5.5 5.6 0.1 0.5 3.7 3.1

5 1.0 11.5 10.5 1.4 2.4 1.0 6.8 7.2 0.3 0.6 4.3 3.7

10 2.0 15.9 13.9 1.9 3.2 1.3 7.4 8.2 0.8 0.6 4.6 4.0

25 3.9 20.6 16.7 2.4 4.0 1.6 8.4 11.6 3.2 0.6 5.6 5.0

2 0.5 0.7 0.2 1.1 1.2 0.1 5.5 5.4 0.0 0.5 0.9 0.4

5 1.2 1.9 0.7 1.8 1.9 0.2 6.5 6.5 0.0 0.6 1.2 0.7

10 2.6 4.3 1.7 2.4 2.6 0.2 7.4 7.5 0.1 0.6 1.5 0.9

25 5.0 7.4 2.4 3.0 3.3 0.3 8.9 8.9 0.0 0.6 2.0 1.4

USGS-Regression (StreamStats) WEPPcloud-PEP WEPPcloud-Disturbed

East Liberty 12.5

Liberty Fire RCN (FireHydro)

2.1 1.2 2.6

West Liberty 1 11.9 1.2 1.1 4.0

West Liberty 2 1.2 0.2 0.0 0.9
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Table A5: Return period Pre and Post-fire peak flow predictions for study locations at the Sheep Gap Fire. Peak flow values are normalized by watershed 
area. All are in units of inches/day. 

 

Site

Return 

Period 

(yrs)

Pre Post Increase
Avg. 

Increase
Pre Post Increase

Avg. 

Increase
Pre Post Increase

Avg. 

Increase
Pre Post Increase

Avg. 

Increase

2 0.1 0.8 0.6 0.3 0.4 0.1 3.2 3.3 0.0 0.3 1.2 0.9

5 0.4 1.9 1.5 0.4 0.6 0.2 4.1 4.2 0.1 0.3 1.4 1.1

10 0.8 3.4 2.6 0.6 0.9 0.3 4.7 5.0 0.2 0.3 1.5 1.2

25 2.8 7.1 4.3 0.7 1.1 0.4 5.1 6.5 1.4 0.4 1.6 1.3

2 0.2 1.0 0.8 0.3 0.5 0.1 3.7 3.8 0.1 0.3 1.6 1.3

5 0.5 2.4 1.9 0.5 0.8 0.3 4.5 5.0 0.5 0.4 1.9 1.5

10 1.0 4.4 3.4 0.7 1.1 0.4 5.1 5.7 0.6 0.4 2.0 1.6

25 3.6 9.2 5.6 1.0 1.4 0.5 6.4 9.0 2.6 0.5 2.3 1.8

2 0.1 1.0 0.8 0.2 0.4 0.2 3.5 3.6 0.1 0.2 1.8 1.6

5 0.1 2.5 2.4 0.5 0.8 0.4 4.4 4.6 0.2 0.3 2.2 1.9

10 0.5 4.8 4.3 0.7 1.2 0.5 4.8 5.6 0.8 0.3 2.5 2.2

25 1.7 10.4 8.7 1.0 1.7 0.8 5.7 9.3 3.6 0.3 2.6 2.3

2 0.1 1.1 1.1 0.3 0.6 0.3 3.7 3.7 0.0 0.2 3.0 2.7

5 0.1 2.8 2.7 0.6 1.2 0.6 4.6 5.0 0.4 0.3 4.4 4.1

10 0.6 5.5 5.0 0.9 1.8 0.9 5.0 5.9 0.9 0.3 5.9 5.6

25 3.3 13.3 10.0 1.3 2.6 1.3 5.8 18.7 13.0 0.3 7.1 6.8

2 0.4 2.5 2.1 0.4 0.8 0.4 3.7 3.8 0.0 0.3 2.9 2.6

5 0.7 5.3 4.6 0.8 1.6 0.8 4.5 5.4 0.9 0.3 3.4 3.1

10 1.1 9.1 8.1 1.2 2.3 1.2 5.2 11.6 6.4 0.4 4.4 4.1

25 4.2 25.2 21.0 1.6 3.2 1.6 5.8 23.6 17.8 0.4 6.5 6.1

Sheep Gap Fire RCN (FireHydro) USGS-Regression (StreamStats) WEPPcloud-PEP WEPPcloud-Disturbed

East Bemish Lower 2.3 0.3 0.5 1.1

East Bemish Mid 2.9 0.3 1.0 1.5

East Bemish Upper 4.0 0.5 1.2 2.0

West Bemish 1 4.7 0.8 3.6 4.8

West Bemish 2 8.9 1.0 6.3 4.0
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Table A6: Return period Pre and Post-fire peak flow predictions for study locations at the Lolo Peak and Sunrise Fires. Peak flow values are normalized by 
watershed area. All are in units of inches/day. 

 

Site

Return 

Period 

(yrs)

Pre Post Increase
Avg. 

Increase
Pre Post Increase

Avg. 

Increase
Pre Post Increase

Avg. 

Increase
Pre Post Increase

Avg. 

Increase

2 0.0 2.6 2.6 0.4 0.8 0.4 4.3 4.4 0.1 0.3 2.9 2.6

5 0.0 6.3 6.2 0.7 1.4 0.6 5.2 5.6 0.4 0.3 3.5 3.2

10 0.2 9.3 9.1 1.0 1.9 0.9 6.5 6.9 0.5 0.3 4.0 3.6

25 0.4 12.6 12.2 1.3 2.5 1.1 7.1 8.5 1.5 0.4 5.0 4.6

2 0.0 0.7 0.7 0.4 0.6 0.3 3.7 3.7 0.0 0.2 0.4 0.2

5 0.1 1.8 1.8 0.6 1.0 0.4 4.6 4.6 0.0 0.3 0.6 0.3

10 0.2 3.3 3.1 0.7 1.3 0.5 5.6 5.9 0.3 0.3 0.7 0.4

25 0.3 4.9 4.6 0.9 1.6 0.7 6.4 7.6 1.1 0.4 0.8 0.4

2 0.1 6.0 5.9 1.5 3.0 1.5 3.2 3.2 0.0 0.2 2.2 2.1

5 0.5 7.6 7.0 3.0 6.0 3.0 4.0 5.0 1.0 0.2 3.0 2.8

10 0.5 9.7 9.2 4.3 8.7 4.3 4.5 7.2 2.8 0.2 3.6 3.4

25 1.6 12.4 10.8 6.0 11.9 6.0 5.7 18.6 13.0 0.3 4.7 4.4

Lolo Peak Fire RCN (FireHydro) USGS-Regression (StreamStats) WEPPcloud-PEP WEPPcloud-Disturbed

John Creek 7.5 0.7 0.6 3.5

Mormon Creek 2.6 0.5 0.4 0.3

Sunrise Fire

Sunrise 8.2 3.7 4.2 3.2


