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A B S T R A C T

As wildfires increase in frequency and severity, there is a growing interest in understanding river response to the 
wildfire disturbance cascade. Numerous headwater mountain catchments within the Cache la Poudre (Poudre) 
River basin in the Colorado Front Range, USA burned severely and extensively during the 2020 Cameron Peak 
fire. Debris flows and flash floods occurred in many of these catchments triggered by convective storms after the 
fire. The downstream effects of the floods and sediment varied along a continuum from attenuated and largely 
contained within the catchment, to releasing substantial volumes of water and sediment to the Poudre River. We 
conceptualize these catchments as exhibiting decreasing absorbance of post-fire disturbance along the continuum 
described above based on the geomorphic evidence of relative sediment export. We conceptualize characteristics 
on different spatial scales as driving or resisting response to disturbance and therefore impacting the absorbing 
capacity (ability to attenuate post-fire fluxes) of the catchment. As the magnitude of resisting characteristics 
increases at the catchment, inter- and intra- reach scales, we hypothesize that a catchment will increasingly 
absorb the impacts of the wildfire disturbance cascade. We conducted longitudinally continuous surveys to 
measure reach-scale characteristics within each study catchment. We focus on the catchment- and reach-scale 
geomorphic, vegetation, and burn characteristics. The floods observed at the study catchments illustrate fire 
influencing the elevation above which rainfall-induced flooding occurs due to the efficient conveyance of water 
from hillslopes to channels after wildfire. Results suggest that inter- and intra-reach spatial heterogeneity are 
better aligned with absorbance capacity than catchment-scale characteristics: greater absorbing capacity is 
associated with greater longitudinal variations in floodplain/channel width and more reaches with wide 
floodplains, low channel gradients, beaver-modified topography, and multi-stem deciduous vegetation. We 
connect the capacity to absorb the impacts of disturbance as informing the catchment response to wildfire 
disturbance.

1. Introduction

As climate change is projected to increase wildfire frequency and 
severity across the western United States (Westerling et al., 2006; 
Dennison et al., 2014; Abatzoglou and Williams, 2016; Abatzoglou et al., 
2017, 2018), understanding the characteristics that promote catchment 
resilience post-fire is critical to protect water resources that are 
impacted by fire (Murphy et al., 2018). This view is guided by principles 
of disturbance, thresholds, and recovery in terms of equilibrium (Thorn 
and Welford, 1994). Our concept of geomorphic resilience includes the 
capacity of a system to absorb disturbances, as is the emergent view 
recently (Thoms et al., 2018; Fuller et al., 2019). In these ways, the 
concept of resilience is inherent in the assumptions and theories upon 

which fluvial geomorphology is built (Fuller et al., 2019; Piégay et al., 
2020). Walker et al. (2004) define resilience as the capability of a system 
to absorb disturbance while undergoing change so as to still retain 
essentially the same function, structure, identity, and feedbacks. 
Catchments likely exhibit differing resilience post-fire that varies within 
and between catchments in relation to biogeomorphic characteristics 
(Roth et al., 2022; Wohl et al., 2022; Corenblit et al., 2024; Wohl et al., 
2024a, 2024b). Our primary objective is to describe a range of resilience 
and evaluate the relative influence of reach- and catchment-scale 
characteristics in forested montane rivers of the Colorado Front 
Range, USA on catchment response to wildfire disturbance. From this 
point forward, we refer to resilience as absorbing capacity to differen
tiate our focus on post-fire response from other definitions and measures 
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of resilience.

1.1. Wildfire disturbance cascade

Wildfires initiate a disturbance cascade. The impacts of fire on the 
hillslope are transferred to the river corridor because of the connection 
between valley floor and adjacent hillslopes (Davis, 1898; Hynes, 1975), 
so that wildfires affect hydrology, water quality, and geomorphology in 
river corridors (Tiedemann et al., 1979; Minshall et al., 1989; Mast and 
Clow, 2008; McGuire and Youberg, 2019). High severity fires combust 
organic matter, reducing ground cover and changing hillslope rough
ness, evapotranspiration, and runoff generation (Blount et al., 2020). 
High temperatures also alter soil structures, increasing water repellency 
and decreasing infiltration rates (DeBano, 2000; Martin and Moody, 
2001; Wieting et al., 2017). Across the landscape, burned hillslopes have 
lower erosion thresholds and therefore increased erosion depending on 
precipitation characteristics (Moody and Martin, 2001; Wu et al., 2021; 
Noske et al., 2024). Moderate to high severity fire results in heightened 
sediment and water fluxes throughout burned catchments (Benavides- 
Solorio and MacDonald, 2001; Alessio et al., 2021), driving changes in 
river corridor characteristics on multiple spatial and temporal scales. 
Enhanced erosion response typically persists for up to five years in the 
Colorado Front Range (Martin and Moody, 2001; Moody, 2001; Ryan 
et al., 2024).

Debris flows are more likely to occur in catchments that have burned 
in the Intermountain West (e.g. Parrett, 1987; Meyer and Wells, 1997; 
Cannon, 2001; Parrett et al., 2004; Cannon and Gartner, 2005; Riley 
et al., 2013; McGuire et al., 2021) because wildfire increases flow and 
sediment transport relative to precipitation intensity. Unlike debris 

flows started by landslides, post-fire debris flows are triggered by ex
ceedance of a rainfall intensity-duration threshold. Studies from diverse 
areas indicate that these events derive sediment from within the channel 
via lateral and vertical erosion (Santi et al., 2008) and from the hill
slopes (DiBiase and Lamb, 2020; Rengers et al., 2021). There is 
commonly no initiation point and these debris flows can occur with little 
antecedent moisture (Cannon et al., 2008). The storms that trigger these 
debris flows in Colorado are typically short in duration, triggering debris 
flows within minutes to hours of rainfall, and high in intensity (Cannon 
et al., 2008).

1.2. Resilience

The characteristics affecting the magnitude of response to post-fire 
disturbance span multiple spatial scales from catchment to reach 
(Fig. 1). We define a reach as a continuous length of river corridor with 
consistent valley and channel geometry and land cover. Reaches are 
typically tens to hundreds of meters in length in the 3rd-order catch
ments examined here.

We conceptualize biogeomorphic characteristics as driving or 
resisting response to disturbance. Driving characteristics that influence 
erosional force, such as higher channel gradient, magnify the response to 
disturbance by facilitating more efficient conveyance of fluxes. Resisting 
characteristics promote attenuation of fluxes, resulting in greater 
absorbing capacity after disturbance. This conceptualization provides a 
framework for comparing characteristics among burned catchments. 
When the influence of the driving characteristics exceeds that of the 
resisting, a system is more likely to shift states into an alternative stable 
state or an unstable transient state more prone to response to 

Fig. 1. Multi-scale characteristics influencing river corridor response to disturbance. Assuming an increase in the relative magnitude of the specified characteristic, 
each characteristic is categorized as either driving (bold) or resisting (italic) response to disturbance. The inverse is also implied to be true. Where characteristics 
could be driving or resisting response to disturbance depending on context, they are described as varying.
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disturbance.
Wohl et al. (2022) conceptualize reach-scale flux attenuation as 

increasing absorbing capacity, or the capability to undergo change while 
retaining the same function, structure, and feedbacks on the catchment 
scale. Because total channel length of first- to third-order streams is 
cumulatively dominant (Downing, 2012), reach-scale attenuation in 
small streams must greatly influence the magnitude of the catchment- 
scale disturbance cascade initiated by wildfire. This suggests that 
catchment-scale absorbing capacity is greatly influenced by features that 
attenuate fluxes at the reach scale.

Reach-scale water and sediment flux attenuations are primarily 
driven by valley geometry, spatial heterogeneity of the river corridor, 
vegetation, and 3D connectivity within the river corridor (Wohl, 2016; 
Wohl et al., 2017, 2018). Reaches with less lateral confinement allow for 
more overbank flow, greater channel sinuosity, diverse floodplain 
topography, and formation of multithread channel planform, facilitating 
energy dissipation and associated sediment deposition (e.g. Pang, 1998; 
Naiman et al., 2005; Entwistle et al., 2018).

Spatial heterogeneity in river corridors contributes to absorbing ca
pacity by attenuating downstream fluxes of water and sediment (Wohl, 
2016), commonly by increasing hydraulic roughness of the channel and 
floodplain, obstructing flow, decreasing longitudinal connectivity, and 
increasing lateral connectivity. Spatial heterogeneity can occur longi
tudinally (between reaches) and within a reach. Inter-reach heteroge
neity increases as reaches alternate between wide, low gradient 
geometry and confined, high gradient geometry, called beads and 
strings, respectively (Stanford et al., 1996). Alternating reaches 
commonly differ in substrate, bedforms, planform, channel-floodplain 
connectivity, beaver-modified topography, and abundance of large 
wood and logjams. Beads contain greater amounts of heterogeneity el
ements on a local scale and therefore elements that promote absorbing 
capacity (Wohl et al., 2018, 2024b; Dunn et al., 2024). For example, 
beads contain disproportionately high volumes of large wood (Wohl, 
2011), beaver-modified topography (Westbrook et al., 2006), and 
channel-hyporheic connectivity (Ader et al., 2021). Structural and 
functional heterogeneity created by beavers and in-channel wood is 
associated with more overbank flow, secondary channels, and lateral 
connectivity, all of which promote attenuation and contribute to 
absorbing capacity (Jones and Smock, 1991; Burchsted et al., 2010; Sear 
et al., 2010; Wohl, 2011; Collins et al., 2012; Polvi and Wohl, 2013; 
Livers and Wohl, 2016; Fairfax and Whittle, 2020; Marshall et al., 2021; 
Dunn, 2023). Spatial heterogeneity and flux attenuation can create a 
positive feedback, holding a system in a single, dynamic state rather 
than shifting to an alternative state when disturbed (Wohl et al., 2024b).

As landcover and climate change, wildfires continue to increase in 
frequency and severity (Bowman et al., 2009; Westerling et al., 2006; 
Dennison et al., 2014). Consequently, understanding and fostering the 
characteristics that promote catchment- and reach-scale absorbing ca
pacity post-fire is critical for water resources and hazard mitigation in 
Colorado and other fire-prone regions. Although we understand the 
general interactions described above, there has been little work to 
quantitatively compare catchments that represent a range of responses 
to wildfire disturbance, or to quantify the spatial distribution, types, and 
levels of heterogeneity that create absorbing capacity. These issues are 
of critical importance as communities in fire-prone regions strive to 
implement pre- and post-fire landscape management designed to 
enhance resilience to wildfire disturbances. Post-fire management in the 
study region ranges from catchment-scale efforts including applying 
mulch, seeding hillslopes, and replanting trees to the reach-scale 
installation of in-channel structures. In-channel structures include 
replanted riparian vegetation, especially willow (Salix spp.), check 
dams, log jams, and beaver mimicry structures to retain sediment after 
wildfire (Graham, 2003; Pollock et al., 2007).

Our primary objective is to evaluate the relative influence of reach- 
and catchment-scale characteristics on response to disturbance. We 
assess the following hypotheses that catchments with lesser response to 

disturbance will have:

i. more resisting characteristics and fewer driving characteristics at 
the catchment scale

ii. greater inter-reach heterogeneity
iii. more resisting characteristics and fewer driving characteristics at 

the reach scale

This analysis is based on region-specific data, but the concepts and 
approach are applicable to other high-relief and fire-prone catchments.

2. Study area

The study area is in the Southern Rocky Mountains in the northern 
Front Range of Colorado, USA. The seven catchments within the study 
area are headwater tributaries to the Poudre River (Fig. 2). These 
catchments burned in the Cameron Peak fire in 2020, which burned 845 
km2 (208,913 acres). Over 40 % of the burned area was classified as 
being burned at moderate to high severity (USDA Forest Service, 2020). 
Prior to this fire, these sites had not burned for more than a century 
(National Interagency Fire Center, 2022).

The region is underlain primarily by Precambrian- and Proterozoic- 
aged granitoids and gneisses (Green, 1992; Horton, 2017). The study 
sites were not glacially modified during the Pleistocene (Madole et al., 
1998). Most of the study catchments by area are between 2300 and 
3250 m elevation. In the summer, mountainous parts of Colorado have 
frequent thunderstorms (Jarrett, 1993) that cause flash flooding in un
burned catchments below 2300 m (Hansen et al., 1978; Jarrett, 1990).

The study sites are ungauged tributaries, but the U.S. Geological 
Survey maintains a stream gauge at Rustic, CO in the Poudre River 
catchment that indicates that annual peak runoff occurs during late 
spring snowmelt. Gauge data from the first year after the fire at Little 
Beaver Creek show peak runoff occurring during spring snowmelt, but 
indicate that convective summer storms also caused high, peaked flows 
(White et al., 2022; Wohl et al., 2022). The floods initiated by convective 
storms do not comprise a seasonally recurrent part of the hydrograph, 
but they cause flashy and spatially discontinuous flooding, erode sedi
ment, and initiate mass movements. Convective storms have the ca
pacity to initiate substantial geomorphic change within burned tributary 
catchments, and the impacts of these local events have been observed 
outside of these catchments in downstream river corridors (Grimm et al., 
1995).

Landcover consists of coniferous, montane forests between 2100 and 
2750 m elevation and subalpine forests between 2600 and 3650 m 
(Chapman et al., 2006). Montane forest has an overstory dominated by 
ponderosa pine (Pinus ponderosa) and Douglas-fir (Pseudotsuga menziesii) 
with pockets of aspen (Populus tremuloides). Subalpine forests are 
dominated by lodgepole pine (Pinus contorta), Engelmann spruce (Picea 
engelmannii), and subalpine fir (Abies lasiocarpa). Riparian areas include 
a variety of willow species (Salix spp.), thinleaf alder (Alnus incana), and 
river birch (Betula occidentalis) (Malone et al., 2019). Although fire is a 
natural disturbance over millennia (Minckley et al., 2012), decades of 
fire suppression in the western US have resulted in more vegetation in 
the understory and denser, evenly aged forests (Veblen and Donnegan, 
2005; Veblen and Lorenz, 1986). Today, the single largest driver of 
forest loss in the northern Front Range is wildfire (Rodman et al., 2019).

2.1. Storm and flood events

Following the Cameron Peak fire in 2020, a series of convective 
storms over the summers of 2021 and 2022 triggered floods and debris 
flows across the burn scar. On 20 July 2021, a convective storm caused 
flooding and multiple debris flows at Black Hollow (BH), Sheep Creek 
(SC), and Sheep Gulch (SG). Rain gauges located near the center of 
intense precipitation recorded peak 15-min rainfall intensities of 36.6 
and 51.8 mm/h, respectively, exceeding the threshold to trigger debris 
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flows of 33.2 mm/h modeled for the entire burn scar (Kostelnik et al., 
2022). The 20 July 2021 event resulted in the destruction of property, 
damage to the roadway and bridge, fish kill, deteriorated water quality, 
extensive sedimentation on a fan, and four fatalities (Kostelnik et al., 
2022). A convective storm the following year on 15 July, 2022 resulted 
in flooding across Fish Creek (FC), Jack's Gulch (JG), Little Beaver Creek 
(LBC), and Tributary A (LBCA) (Wohl et al., 2024a). We observed in the 
field that debris flows triggered by these events appear to have been 
generated by sediment entrainment through surface runoff rather than 
shallow landslides, a scenario that is common in unburned settings 
(Cannon and Gartner, 2005).

3. Methods

The catchments selected for this study are all headwaters in the 
Poudre River drainage basin that burned during the 2020 Cameron Peak 
fire. We selected sites to have comparable burn characteristics, eleva
tions, bedrock geology, glacial history, and known convective storms 
following the Cameron Peak fire. We assigned each catchment to a 
category representing the relative response to disturbance a priori using 
a field-based qualitative assessment of geomorphic indicators relating to 
sediment export during summer convective storms. A catchment with a 
large debris or alluvial fan at the channel outlet was ranked as having 

the greatest sediment export and therefore absorbed the impacts of 
disturbance the least. A catchment that had no evidence of scour and 
deposition resulting from a large flood was ranked as the least impacted 
by the wildfire disturbance cascade and therefore had the greatest 
absorbing capacity. Where data availability allowed, we quantitatively 
constrained the amount of sediment export from the catchment using 
repeat digital elevation models. See Table 1 for a summary of methods.

3.1. Field methods

We conducted longitudinal reach surveys within each study catch
ment. We followed the river downstream from the channel head, 
defining the boundaries between reaches by field-observed relative 
valley and channel geometry using a Garmin GPSMAP 66st and a Gar
min eTrex10 with 3-m horizontal accuracy. Within each reach we 
documented burn status, vegetation type, basal area of floodplain or 
adjacent forest, channel planform (maximum number of channels, or 
channel count), channel bedform, bankfull width, floodplain width, 
number of channel and floodplain jams, and number of beaver berms.

Burn status was documented categorically in the field as burned, 
unburned, or mixed. Vegetation type was noted categorically as conifer, 
willow, aspen, or herbaceous based on the species present, where her
baceous denoted a lack of trees rather than implying that there was no 

Fig. 2. Map of seven study catchments and their location within Colorado. All study catchments were within the burn scar of the 2020 Cameron Peak fire. The soil 
burn severity of the study catchments is also depicted (Woodward and Vorster, 2022). Little Beaver Creek Tributary A and Jack's Gulch are within the Little Beaver 
Creek catchment. Sheep Gulch is within the Sheep Creek catchment. Blue triangles represent publicly available rain gauges.
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herbaceous vegetation where other species were present. Basal area of 
the river corridor forest was measured with a Panama Angle Gauge at 
approximately one channel width away from bankfull. All standing trees 
(living and dead) were included. Channel planform and channel bed
form were determined categorically. Bankfull channel, floodplain 
widths, and high-water marks indicative of the most recent spring 
snowmelt flows were measured using a Laser Technology TruPulse 360B 
laser range finder with ±0.1 m accuracy. Logjams were designated as at 
least three pieces of wood in contact, with each piece of wood at least 1 
m in length and 10 cm in diameter. Jams within the bankfull channel 
were tallied as channel jams. Jams outside of the bankfull channel but 
within the bounds of high-water marks were tallied as floodplain jams. 
The presence of beaver berms was tallied within each reach where 
clearly defined individual berms existed. Where there were complex 
beaver meadows, beaver-modified terrain was noted as “beaver 
meadow,” indicating numerous, closely spaced berms throughout the 
length of the reach.

3.2. Remote methods

Catchment-scale and reach-scale characteristics that utilized geo
spatial data to quantify elevation, burn characteristics, and vegetation 
characteristics were evaluated using remote data and methods. These 
metrics were categorized as geomorphic, burn, vegetation, and precip
itation characteristics. We used repeat lidar to calculate a DEM of dif
ference within the river corridor to quantify minimum sediment export 
from Black Hollow. DEMs were available and adequately spatially 
aligned from 2020 and 2021 with 1/3 arc-second spatial resolution 
(Supplemental Information).

To consider catchment shape, elongation ratio was calculated as the 
ratio between the diameter of a circle encompassing the area of each 
catchment and the maximum catchment length (Schumm, 1956). To 
account for the shear stress exerted by runoff, we calculated relief ratio 
as the difference between the highest and lowest points of each catch
ment divided by the length of the longest National Hydrography Dataset 

(NHD) flowpath (Hydrologic Engineering Center, 2023). To quantify the 
network configuration, we calculated drainage density as the total NHD 
flowpath length in each catchment divided by the catchment area 
(Horton, 1932). We calculated the elevation of each reach boundary 
using the field-determined reach boundaries and the USGS 3DEP 1/3 arc 
second DEM. The channel gradient of each reach was calculated using 
the elevation and the NHD stream distance between each reach 
boundary. We calculated the concavity index as the ratio between the 
area under the longitudinal profile to the area under the normalized 
straight-line distance.

Burn characteristics of each catchment were calculated using a Soil 
Burn Severity dataset (Woodward and Vorster, 2022). To capture burn 
characteristics of each catchment and reach, we calculated the total 
proportion burned at any severity (burn extent) and the percentage of 
each area burned at moderate-high and high severities (burn severity). 
We calculated these metrics for each catchment's total area and for each 
reach using a 50-m lateral buffer from each stream segment. We quan
tified the precipitation over the study catchments during discrete storm 
events using Multiple Radar/Multiple Sensor (MRMS) data with 1-km 
spatial and 2-min temporal resolution from the National Oceanic and 
Atmospheric Administration (NOAA). We applied the MRMS correction 
to precipitation rate data using the radar-based QPE and the gauge-and- 
precipitation-and climatology-merged QPE products. Because the 
MRMS QPEs are known to have higher errors in remote, mountainous 
areas, we elected to present pixel distributions over the storm durations 
and catchment areas (White et al., 2023). We summarized the precipi
tation characteristics with median and 95th percentiles of 15-min pre
cipitation intensity to be robust to skew and overestimates of single pixel 
maximums.

3.3. Analytical methods

Statistical analyses were performed using R version 4.2.1. When 
testing reach-scale characteristic data for equality of variance, we used 
Levene's test in the car package in R (Fox and Weisberg, 2019). Where 
assumptions of normality and variance were met, we used an analysis of 
variance (ANOVA) to test the differences in reach-scale characteristics 
between catchments. When the assumption of normality was not met, 
we performed analyses on logarithmically transformed data. We tested 
the difference between catchments with an ANOVA and a Tukey Honest 
Significant Difference using the emmeans package (Searle et al., 1980; 
Lenth, 2023). Where the assumptions of normality and variance were 
not met, we used a non-parametric Kruskal-Wallis Rank Sum test to test 
the differences in reach characteristics between catchments and Dunn's 
test (Dunn, 1964) to perform pairwise comparisons between sites. All 
hypotheses were tested at the α = 0.05 level.

We created two sets of Poisson regression models to understand the 
influences on channel and floodplain jam distribution density surveyed 
in the field. We fit six Poisson regression models with the number of jams 
in each reach as the outcome and site as the predictor variable with an 
offset of the bankfull channel area, and different combinations of 
additional predictor variables that describe the geomorphic, vegetation, 
and fire characteristics. We calculated the Akaike information criterion 
(AIC) to assess the model for each of the six models and select the best 
model for interpretation. The statistical significance of Poisson regres
sion models was assessed at the α = 0.05 level using a likelihood ratio 
test.

Where data were available reflecting the state of the river corridor 
prior to the fire, we use comparisons between pre- and post-event data to 
assess the feasibility of using post-flood data to make inferences about 
the identity of the study sites (Triantafillou, 2024).

4. Results

We ranked seven study catchments into four categories reflecting 
their response to disturbance and surveyed 150 reaches within those 

Table 1 
Summary of methods and data products.

Methods Data Product(s)

Field survey • Absorbing capacity ranking of each catchment
• Reach boundaries
• Geomorphic characteristics

o Channel width
o Floodplain width
o Planform
o Presence of beaver modified topography

• Vegetation
o Categorical floodplain vegetation type
o Basal area
o Channel jam density
o Floodplain jam density

• Burn characteristics
o Burn status

Geospatial analyses • Geomorphic catchment characteristics
o Area
o Mean catchment slope
o Elongation ratio
o Relief ratio
o Drainage density
o Concavity index

• Vegetation catchment characteristics
o Normalized Difference Vegetation Index (NDVI)

• Burn characteristics
o Burn extent
o Burn severity

• Precipitation
o 15-min precipitation intensity

Statistical analyses • Hypothesis testing
• Descriptive regression models

Sensitivity analyses • Geomorphic change during events
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catchments. Based on geomorphic indicators of relative sediment 
export, Black Hollow absorbed disturbance the least and Jack's Gulch 
absorbed disturbance the most (Fig. 3, Fig. SI-1). A debris-fan 100-m 
wide formed at the junction of Black Hollow and the Poudre River. 
Boulders and large wood were transported and deposited at the outlet of 
the catchment, destroying property, and causing channel avulsion. 
Sediment from the event caused fish kill from the upper Poudre Canyon 
for almost 100 stream kilometers downstream (Battige, 2022). At the 
time of these analyses, repeat lidar-derived DEM data available at Black 
Hollow show 100,000 m3 of sediment eroded, or 5780 m3km− 2 catch
ment area. This large amount of sediment export supports the classifi
cation of Black Hollow as having the largest magnitude of response to 
disturbance.

Sheep Creek and Tributary A within Little Beaver Creek had mod
erate debris fans at their outlets. The debris fans changed the form of 
these river corridors but did not significantly or persistently alter the 
form of the mainstem channels into which they drained. There was 
erosion and incision throughout the river corridors at these sites, indi
cating that the material deposited at the outlet was derived from the 
channel and floodplain. Fish Creek, Little Beaver Creek and Sheep Gulch 
had large floods with no fan at their outlets. There was flooding within 
these catchments as evidenced by erosion, but the absence of a deposi
tional fan at the outlet indicated that the impacts of the flood were 
absorbed within each catchment. Jack's Gulch had no geomorphic evi
dence of sediment export and there was no evidence of major sediment 
redistribution throughout the catchment, supporting the classification of 
Jack's Gulch as having no large flood. In reporting results related to 
these relative rankings, we will refer to Black Hollow, Sheep Creek, and 
Little Beaver Creek Tributary A as sites with less capacity to absorb 
disturbance and Fish Creek, Little Beaver Creek, Sheep Gulch, and Jack's 
Gulch as having greater capacity to absorb disturbance.

4.1. Catchment characteristics

There are no apparent trends in any individual geomorphic, vege
tation, or burn characteristics among the catchments (Table 2, Supple
mentary Information Table SI-1, Fig. SI-2, Fig. SI-3). This likely reflects 

the spatial heterogeneity associated with the wildfire, which covered an 
extensive area that included large portions of each of the study 
catchments.

Geomorphically significant precipitation events over the study 
catchments were identified as beginning on 20 July 2021 at 1200 UTC at 
Black Hollow, Sheep Creek, and Sheep Gulch, or 15 July 2022 at 1700 
UTC at Little Beaver Creek Tributary A, Fish Creek, Little Beaver Creek, 
and Jack's Gulch. Across each of the seven catchments, maximum 15- 
min precipitation rates over the storm duration ranged from 45.9 
mm/h at Sheep Gulch to 148.9 mm/h Tributary A within Little Beaver 
Creek. There is a negative relationship between the median and 95th 
percentile of the 15-min precipitation intensity over storm duration and 
the catchment response (Fig. 4). Sheep Gulch, ranked as having “Large 
Flood,” had the highest median and the second highest 95th percentile 
of 15-min precipitation intensity, 2.9 and 33.0 mm/h, respectively, and 
thus did not align with this trend (Supplementary Information Table SI- 
2).

4.2. Inter-reach characteristics

The variance of floodplain to channel width ratio differed between 
sites (p = 0.03). Little Beaver Creek had greater floodplain to channel 
width ratio variance than Black Hollow (p < 0.001), and lower variance 
than Sheep Gulch (p = 0.04) (Fig. 5). Black Hollow had lower variance 
than Sheep Gulch, Little Beaver Creek Tributary A, Fish Creek, and 
Jack's Gulch (p < 0.001 for all). Sheep Gulch had greater variance than 
Fish Creek (p = 0.01). Sheep Creek and Fish Creek had lower variance 
than Jack's Gulch (p = 0.02, p = 0.01).

4.3. Reach characteristics

Reach maximum channel count did not vary significantly between 
catchments. Reach slope varied between catchments (p < 0.001) 
(Fig. 6). The mean of reach slopes at Black Hollow is significantly greater 
than the means of Fish Creek, Jack's Gulch, and Little Beaver Creek (p =
0.06, 0.006). The mean of reach slopes at Fish Creek is greater than at 
Little Beaver Creek (p = 0.001) and smaller than at Little Beaver Creek 

Fig. 3. Results of a priori ranking of seven study catchments on a scale of least to most disturbance absorption. Sites were ranked on a scale of absorbing capacity 
using post-event indicators of relative sediment export during storms and associated floods. The site with the lowest absorbing capacity, Black Hollow, had a large fan 
at the outlet, representing a large amount of sediment export, and was categorized as a “Major debris fan”. The sites with the highest absorbing capacity with the least 
geomorphic impacts at the catchment outlet were Jack's Gulch within the Little Beaver Creek catchment. There was no evidence of sediment scour or deposition at 
the outlet, so Jack's Gulch was categorized as having “No large flood”. The images taken in the field illustrate the impacts visible at the catchment outlets that were 
the basis for ranking. From left to right, the images are from Black Hollow, Tributary A (LBC), Little Beaver Creek, and Jack's Gulch. Additional photos of catchment 
outlets at Little Beaver Creek, Sheep Gulch, and Fish Creek are in Fig. SI-1. Far left image credit: U.S. Geological Survey.
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Tributary A and Sheep Gulch (p = 0.02, p = 0.0003). Jack's Gulch has a 
lower mean of reach slopes than Little Beaver Creek Tributary A, Sheep 
Creek, and Sheep Gulch (p = 0.0036, p = 0.0093, p < 0.001). Little 
Beaver Creek has a lower reach slope mean than Little Beaver Creek 
Tributary A, Sheep Creek, and Sheep Gulch (p < 0.0001, p < 0.001, p <
0.0001).

The distribution of relative floodplain width among reaches varied 
between catchments (p < 0.001) (Fig. 6). The mean of the relative 
floodplain widths at Jack's Gulch is significantly greater than the relative 
floodplain widths at Sheep Gulch, Black Hollow, and Sheep Creek (p <
0.001, p < 0.001, p = 0.02). The mean of the relative floodplain widths 
at Little Beaver Creek is significantly greater than that of the relative 

floodplain widths at Black Hollow, Sheep Gulch, and Sheep Creek (p <
0.001, p < 0.001, p = 0.003). The mean of the relative floodplain widths 
is significantly greater at Fish Creek than at Sheep Gulch (p = 0.02). 
Jack's Gulch, Sheep Gulch, and Little Beaver Creek have 0.22, 0.43, and 
0.17 km of reach stream length, respectively, that have a floodplain to 
channel width ratio >15. Jack's Gulch, Sheep Gulch, Little Beaver Creek, 
Fish Creek, and Little Beaver Creek Tributary A have 0.37, 0.43, 0.3, 
0.46, and 0.8 km of stream length, respectively, with a floodplain to 
channel width ratio >10. There is a positive trend between floodplain to 
channel width ratio and response; catchments with greater absorption 
capacity are made up of reaches with greater floodplain to channel 
width ratios. The outlier to this trend is Sheep Gulch, which has the 

Table 2 
Catchment-scale geomorphic and burn characteristics across study sites.

Site Area 
(km2)

Elongation 
ratio

Mean basin 
slope (%)

Total stream length 
(km)

Drainage 
density

Relief 
ratio

Concavity 
index

Burn extent 
(%)

Burn severity 
(%)

Jack's Gulch 6.0 0.50 21.0 4.6 0.77 116 1.11 96 48.3
Fish Creek 17.1 0.50 10.3 9.2 0.54 105 0.72 90 52.7
Little Beaver 

Creek
37.6 0.55 9.7 27.2 0.72 76 0.74 90 59.8

Sheep Gulch 2.8 0.52 40.0 3.3 1.18 209 0.78 99 39.0
Sheep Creek 7.6 0.68 17.1 7.8 1.02 173 0.13 99 27.6
Tributary A 4.6 0.59 25.0 3.5 0.75 401 0.87 77 57.9
Black Hollow 17.3 0.56 14.5 9.7 0.56 159 0.91 99 49.5

Fig. 4. Catchment-scale 15-min precipitation intensity density plots over the duration of each storm. The dotted line represents the median precipitation intensity at 
each catchment and the dashed line represents the 95th percentile precipitation intensity. The density plots are ordered and colored by the absorbing capacity 
ranking; dark blue is the catchment with the highest absorbing capacity and dark red is the catchment with lowest absorbing capacity.
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lowest mean floodplain to channel width ratio of all the sites while 
ranked as having only a large flood (Fig. 6a).

Beaver berms were present in at least one reach of every catchment 
except Sheep Creek (Fig. 7). Of the catchments with beaver berms pre
sent, the proportion of reaches with beaver berms ranged from 0.12 at 
Black Hollow to 0.38 at Fish Creek and Jack's Gulch. Beaver meadows 
were present in Little Beaver Creek, Sheep Gulch, and Jack's Gulch in 
0.15, 0.06, and 0.31 of total reaches, respectively. The highest propor
tion of field-identified unburned reaches was at Little Beaver Creek at 
0.26 followed by Sheep Gulch at 0.17 (Fig. 7). Sheep Creek, Fish Creek, 
and Black Hollow had the highest proportion of reaches burned at 0.90, 
0.89, and 0.88, respectively. The median remotely sensed dNBR-derived 
burn extent of reaches was 100 % among all catchments except at Jack's 
Gulch, where the median burn extent was 0.72. Fish Creek had the 
highest proportion of reaches with willow present at 0.63 (Fig. 7). Black 
Hollow and Little Beaver Creek Tributary A had no reaches with willow 
present. Sheep Creek had aspen in 0.8 of reaches, the highest proportion 
among the study sites, but no willow.

The distribution of channel jam density values among reaches varied 
between catchments (p < 0.001) (Fig. 6). Fish Creek had greater mean 
channel jam density than Little Beaver Creek, Sheep Creek, and Black 
Hollow (p = 0.009, p = 0.01, p = 0.01, p = 0.02, Fig. 6). Sheep Gulch had 
greater mean channel jam density than Sheep Creek and Little Beaver 
Creek (p = 0.03, p = 0.04).

Of the six Poisson regression models tested using channel jams as the 
response variable, all models contained site as a predictor and bankfull 
channel area as an offset (Table 3). All models tested had reach slope, 
distance downstream, or both in the model. The top model had bankfull 
channel area as an offset with site, distance downstream, categorical 
floodplain vegetation, maximum channel count, bedform, and high burn 
severity related to the downstream spacing density of channel jams. This 
model describes a negative relationship between distance downstream 
and spatial density of channel jams among reaches in the study sites. 
This model indicates a higher spatial density of channel jam presence 
among reaches in each of the other study sites when compared to Black 
Hollow. The likelihood-ratio test (LRT) performed on this model in
dicates that there are significant differences between channel jams at 

different sites, distances downstream, with different floodplain vegeta
tion, maximum channel counts, and proportions of high burn severity (p 
< 0.001 for all).

Floodplain jam density differed between sites (p < 0.001, Fig. 6). 
Jack's Gulch had lower floodplain jam density than Little Beaver Creek, 
Black Hollow, Fish Creek, and Sheep Gulch (p < 0.001, p < 0.002, p <
0.001, p = 0.003, Fig. 6). Of the six models tested with floodplain jams as 
the response variable, all models contained site and distance down
stream as predictors and reach area as an offset (Table 3). The top model 
had reach area as an offset with site, distance downstream, high burn 
severity, and categorical floodplain vegetation as predictors. The LRT 
test on the model indicates that site, distance downstream, high burn 
severity, and categorical floodplain vegetation were related to the 
spatial density of floodplain jams (p < 0.001 for all). This model in
dicates a positive relationship between distance downstream and den
sity of floodplain jam presence among reaches in the study sites. This 
model also indicates a lower rate of floodplain jam presence among 
reaches in each of the study sites, apart from Sheep Gulch, when 
compared to Black Hollow.

4.4. Sensitivity analysis

A paired t-test shows that the field-measured bankfull channel widths 
increased between 2018 and 2023 (p = 0.002) and the associated 
floodplain widths did not change between the years of this study at Little 
Beaver Creek. At Black Hollow, the channel widths measured using field 
and remote methods did not statistically differ despite the observed 
changes to form, but the floodplain widths measured in the field were 
different than the valley widths measured using the pre-event DEM (p =
0.03).

5. Discussion

Our field-based criteria for ranking catchments with respect to 
absorbing capacity were chosen based on lack of direct measurements of 
sediment export during disturbances from individual catchments and 
the predominance of coarse-sediment export during floods and debris 

Fig. 5. Floodplain to channel width ratios plotted against distance downstream at Black Hollow, Little Beaver Creek, and Sheep Gulch. Black Hollow in red is an 
example of a catchment that did not absorb the impacts of disturbance. Little Beaver Creek and Sheep Gulch in blue are examples of catchments with different reach 
configurations that both absorbed the impacts of disturbance. Floodplain to channel width ratio variance (σ2) differed between sites (p < 0.03). The variance of 
floodplain to channel width ratios at each site represents the inter-reach heterogeneity.
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flows in this study area. These criteria may be suitable for other regions, 
but we recommend that investigators working elsewhere develop site- 
specific but analogous criteria for absorbing capacity based on 
regional characteristics and available information.

5.1. Sensitivity analysis

Reach-scale geomorphic characteristics were all measured post- 
event. These measurements therefore reflect the state of the river 
corridor after the impacts of fire and flood have been absorbed or caused 
a shift to another state. Because we measured bankfull channel widths 
based on evidence of the most recent peak snowmelt flow, the field- 
measured channel widths measured at Black Hollow in 2023 are likely 
representative of pre-event channel geometry. This is supported by the 
comparison of field-measured data post-event and remotely measured 
data pre-event. Although the field-measured channel widths post-flood 
at Black Hollow do not differ from the pre-flood remote measure
ments, the geometry of the channel undoubtedly changed during the 
flood.

5.2. Hydroclimatic flooding thresholds

Although most of the catchment areas are above the 2300 m eleva
tion limit for rainfall flooding in Colorado (Jarrett, 1990), we observed 
flooding caused by summer convective storms in these catchments 
following the Cameron Peak fire (Fig. 8). Under normal conditions, 

rainfall intensity would not be sufficient to cause flooding of the 
magnitude observed and flood peaks would typically be caused by 
snowmelt. Post-fire, every event we observed was caused by rainfall 
during summer convective storms. Because water is more efficiently 
conveyed from hillslope to channel on a burned landscape, rainfall 
causes disproportionate flooding compared to unburned landscapes 
(Moody and Martin, 2001). On a burned landscape, the removal of 
organic material as groundcover and associated increases in runoff and 
erosion relative to rainfall seem to be manifesting as a shift in the 
elevation above which storms cause rainfall-induced flooding at these 
sites. In the context of these study sites, this could be conceptualized as 
fire influencing the elevation threshold below which rainfall-induced 
flooding occurs in the Front Range. This corresponds to observed up
slope migration of channel heads following wildfire in the region (Wohl, 
2013).

5.3. Characteristics associated with capacity to absorb disturbance

The first hypothesis, that lesser response to disturbance will corre
spond to more resisting and fewer driving characteristics at the catch
ment scale, was partially supported. We saw that individual geomorphic 
and burn characteristics were not associated with response to distur
bance. Precipitation was a characteristic that drove response to distur
bance, which aligns with the metrics proposed by recent debris flow 
models (Gartner et al., 2014; Staley et al., 2017). Other studies have 
found that catchment morphology and lithology correlate with post-fire 

Fig. 6. Interquartile distributions of reach characteristics at each site with the site that absorbed disturbance the least in dark red on the left (BH) and the most in 
dark blue on the right (JG). a) Floodplain to channel width ratio varied between catchments (p < 0.001). b) Reach slope varied between catchments (p < 0.001). c) 
Channel logjam density distribution varied between catchments (p < 0.001). d) Floodplain logjam density distribution varied between catchments (p < 0.001).
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debris flow occurrence (Menitove, 1999; Cannon and Reneau, 2000), 
but these characteristics did not explain the trends in catchment 
response within the scope of this project. The study catchments had 
many large-scale characteristics in common due to their physical prox
imity to each other, including lithology, soil type, and burn character
istics (Triantafillou, 2024), but the catchments represent a range of sizes 
and mean slopes for headwater catchments.

We found no trend between the response and catchment area or 
mean basin slope, a conclusion that is supported by some but not all 
previous studies (Pelletier and Orem, 2014; Wagenbrenner and Robi
chaud, 2014). Cannon and Reneau (2000) found that of three catch
ments with a range of responses after fire, a debris flow was generated at 
the catchment with the steepest hillslopes. Contrasting these findings, in 
a study of 95 burned catchments across fire-prone regions of North 
America, the catchments that produced debris flows could not be 
distinguished from those that did not produce debris flows by catchment 

area and slope (Cannon, 2001). Debris flow prediction models also take 
slope into account in at least one form (Gartner et al., 2014; Staley et al., 
2017). The mean catchment slope calculated in this study is for the 
entire basin, not just the river corridor. Based on field observations, 
sediment was derived from the river corridor, highlighting the impor
tance of spatial scale and valley bottom geometry. The negative rela
tionship between response and precipitation intensity indicates that 
precipitation was driving response to disturbance. Although there was a 
relationship between response and precipitation, there was a range of 
precipitation intensities within response categories, indicating that 
precipitation is one of many characteristics influencing response.

As catchment-scale characteristics do not completely explain the 
range of responses to disturbance, we next look to reach-scale charac
teristics. Reach characteristics that were conceptualized as resisting 
response to disturbance, including inter- and intra-reach heterogeneity 
elements, were associated with greater absorption capacity, supporting 

Fig. 7. Stacked bar plot with the proportion of reaches in different classes at each site. a) Proportion of reaches in each burn category where dark orange bars 
represent burned reaches, light orange bars represent reaches with mixed burn, and tan bars represent unburned reaches. b) Proportion of reaches in each vegetation 
category where light green bars represent reaches with only conifers present, medium green bars represent reaches where aspen and conifers were present, and dark 
green bars represent reaches where willow were present. c) Proportion of reaches with different levels of beaver modified topography where pink bars represent 
reaches with no beaver berms, light purple bars represent reaches with at least one beaver berm, and dark purple bars represent reaches that were dominated by 
beaver modified topography, or a beaver meadow.
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hypotheses 2 (greater inter-reach heterogeneity corresponds to lesser 
response to disturbance) and 3 (greater resisting and fewer driving 
characteristics at the reach scale correspond to lesser response). Reach- 
scale slope and burn extent, conceptualized as driving response to 
disturbance, were associated with less capacity to absorb disturbance. 
This aligns with other studies in which the average channel gradient 
within a catchment was a key parameter in debris flow generation in 
burned catchments (Cannon and Reneau, 2000). Compared to the burn 
characteristics on the catchment-scale that were not associated with 
response to disturbance, these results on the reach scale indicate that the 
impacts of fire on the river corridor have a disproportionate effect on the 
post-fire response relative to the impacts of fire on the hillslope. More 
resilient catchments had greater inter-reach scale heterogeneity, more 
reaches with wide floodplains, lower channel gradients, multiple 
channels, beaver-modified topography, and multi-stem deciduous 
vegetation including willow, supporting hypotheses 2 and 3.

There were significantly different floodplain and channel jam 

densities among the study catchments, indicating different responses to 
flooding. The negative trend between distance downstream and channel 
jams and the positive relationship between distance downstream and 
floodplain jams indicates a transition from transport-limited to supply- 
limited from headwaters to outlet (Marcus et al., 2002). Focusing on 
channel jams, the transport-limited reaches occur at the upstream-most 
headwaters where there is capacity for wood recruitment from the 
banks, but there is low capacity to move this wood into a jam. Moving 
downstream, the transport capacity increases and is balanced with the 
supply capacity. This is where the maximum channel jam densities are 
expected. As the wood-transport capacity increases downstream with 
increasing contributing drainage area and becomes greater than the 
wood-supply capacity, we observed decreasing jam density at the 
downstream end of the catchment. The longitudinal trends we described 
in channel jam density align with previous studies (Wohl and Jaeger, 
2009). The positive relationship between distance downstream and 
floodplain jam density indicates that the downstream limit of the system 
that we observed only captured the transport-limited and maximum jam 
portions of the catchment. It is likely that the fire and flood disturbances 
shifted the distribution of channel and floodplain jams with respect to 
locations for transport- and supply-limited thresholds of logjams (Wohl 
et al., 2024a).

The reach-scale ratio of the floodplain to channel width was hy
pothesized as a resisting characteristic to disturbance response. The 
floodplain to channel width ratios were greater at the sites that were 
ranked as having more absorbing capacity compared to the three 
catchments that had low absorbing capacity, except for Sheep Gulch. At 
Little Beaver Creek, a site representing a greater absorbing capacity, the 
distribution of the floodplain to channel ratios was high because there 
were many reaches with wide floodplains. Once accessed during a flood, 
floodplains that are longer, wider, and have more hydraulic roughness 
increase attenuation of peak discharge and dissipate energy during 
floods by slowing flows (O'Sullivan et al., 2012; Lininger and Latrubesse, 
2016). Valley characteristics including floodplain size, stream gradient, 
and roughness influence peak discharge and can substantially moderate 
floods (Woltemade and Potter, 1994), as we quantified at the study sites.

5.4. The importance of longitudinal and temporal sequencing

Among many characteristics on the reach scale, Sheep Gulch did not 
align with many of the trends observed. Although it was ranked as 
having only a large flood, many parameters aligned more closely to 
those measured at Sheep Creek to which it is a tributary almost equal in 
size. In the upper catchment, there Sheep Gulch and Sheep Creek had 
many characteristics in common on the reach scale. There were patterns 
of erosion and deposition within the channel that showed evidence of a 
large flood in both catchments with erosion and evidence of flood 
magnitude growing with a downstream progression (Fig. 9). In Sheep 
Creek, this pattern continued to the outlet of the catchment where the 
channel shifted and incised, and then deposited a sediment fan. In Sheep 
Gulch, the patten of erosion and deposition related to the flood 
continued throughout the upper two-thirds of the catchment. At this 
point in the catchment, a series of reaches that were wider, lower 
gradient, and less incised included evidence of relict beaver dams, wil
low, and aspen recovering from the fire. The floodplain was wet during 
the time of data collection at the end of July, indicating a well-connected 
channel and floodplain (Fig. 9). Below the wide reaches, there was no 
evidence of the major flood that had been bulking up as it moved 
downstream in the upper part of the catchment. In other words, the wide 
and hydraulically rough reaches at the downstream end of Sheep Gulch 
appear to have effectively attenuated the water and sediment fluxes 
coming downstream, absorbing the impacts of disturbance and therefore 
promoting catchment-scale resilience.

Although not the focus of this study, the time between the fire and 
subsequent storms likely affects the magnitude of response. The changes 
that influence the production of runoff and sediment diminish as the 

Table 3 
The Poisson models tested to describe channel and floodplain jams as the 
outcome. The AIC and delta AIC relative to the best model were used to select the 
best models to describe each jam type. The models and associated metrics in bold 
were selected as the best performing models. Delta AIC values closer to zero 
indicate models that perform nearly as well as the best model.

Outcome Model Predictors AIC Delta 
AIC

Channel 
jams

1 Site + offset(log(channel area)) +
distance downstream

1013.3 156.5

Channel 
jams

2 Site + offset(log(channel area)) +
reach slope

1101.9 245.1

Channel 
jams

3 Site + offset(log(channel area)) +
reach slope + distance downstream +
floodplain vegetation + maximum 
channel count + bedform

907.2 50.4

Channel 
jams

4 Site + offset(log(channel area)) +
distance downstream + floodplain 
vegetation + maximum channel count 
+ bedform + burn severity high

901.2 44.4

Channel 
jams

5 Site þ offset(log(channel area)) þ
distance downstream þ floodplain 
vegetation þ maximum channel 
count þ bedform þ burn severity 
high

856.8 0

Channel 
jams

6 Site + offset(log(channel area)) +
reach slope + distance downstream +
maximum channel count + bedform +
burn severity high

908.7 51.9

Floodplain 
jams

Model Predictors AIC Delta 
AIC

Floodplain 
jams

1 Site + offset(log(reach area)) +
distance downstream

2069.5 304.4

Floodplain 
jams

2 Site + offset(log(reach area)) +
distance downstream + burn 
severity high

2061.5 296.4

Floodplain 
jams

3 Site + offset(log(reach area)) +
distance downstream + burn 
severity high + basal area

2002.2 237.1

Floodplain 
jams

4 Site þ offset(log(reach area)) þ
distance downstream þ burn 
severity high þ floodplain 
vegetation

1765.1 0

Floodplain 
jams

5 Site + offset(log(reach area)) +
distance downstream + burn 
severity high + maximum channel 
count + floodplain vegetation

1767.1 2

Floodplain 
jams

6 Site + offset(log(reach area)) +
distance downstream + burn 
severity high + maximum channel 
count + floodplain vegetation +
basal area

1769.0 3.9

S. Triantafillou and E. Wohl                                                                                                                                                                                                                 Geomorphology 466 (2024) 109446 

11 



Fig. 8. Elevation profiles of each of the study catchments in solid lines. The dashed horizontal line at 2300 m represents the elevation threshold above which floods 
in Colorado are typically caused by snowmelt instead of rainfall (Jarrett, 1990). Flooding at elevations above this threshold is typically produced by snowmelt.

Fig. 9. Sheep Gulch river corridor downstream progression. a) Upper Sheep Gulch with a confined channel and no floodplain. Dashed yellow lines outline the river 
corridor. b) Channel and bank scouring in Sheep Gulch in the upper part of the catchment. c) Wide floodplain in the lower part of the Sheep Gulch catchment. Dashed 
yellow lines outline the floodplain with a yellow box around a person for scale. d) A reach below the wide floodplain reach. There is less incision and erosion of banks.
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landscape recovers from the impacts of fire over time. Vegetation 
regrowth decreases sediment production from hillslopes and river 
corridor. Additionally, the sediment supply in low-order tributaries is 
exhausted and the system becomes supply-limited.

5.5. Geomorphic changes

The assumption underpinning our observations is that the floods that 
caused geomorphic change at these sites activated the entire floodplain. 
Depending on the response of a site, the change in floodplain form may 
affect future floodplain function. At Black Hollow, the river incised to 
such a degree that even an event of the same magnitude would likely no 
longer activate the floodplain that we identified in the field. This will 
likely act as a terrace or very disconnected floodplain. Thus, the form 
and function of the river corridor have changed, creating a different 
state. At Little Beaver Creek, a more resilient site, the floodplain iden
tified in the field likely remains a functioning, connected floodplain in 
many reaches. Although the channel incised in some reaches, there are 
many reaches within the catchment that did not change in this way. This 
river corridor absorbed the impacts of the flood disturbance and main
tained the ability to perform the same function. Although there was 
geomorphic change within this river corridor in the form of channel 
widening, these changes did not fundamentally alter river corridor 
forms and processes. For example, the multithread reaches changed 
their primary flow path but remained multithread. The floodplains in 
some locations were reconfigured with the deposition of imbricated 
boulders and the formation of secondary floodplain channels, but 
floodplain function in attenuating flows remained the same, perhaps 
enhanced by the heterogeneity elements.

Spatial heterogeneity creates a positive feedback that increases in 
response to disturbance. Studies have shown that spatial heterogeneity 
in the form of beaver-modified topography, sediment, and logjams 
create more heterogeneity in reaches with wide floodplains (Czuba and 
Foufoula-Georgiou, 2015; Wohl et al., 2022; Wohl et al., 2024a). In the 
context of these sites, beaver berms trap wood and create logjams. At 
Little Beaver Creek, the in-channel jams perpetuated spatial heteroge
neity by creating obstructions and supplying wood, facilitating forma
tion of floodplain jams. These floodplain jams created more spatial 
heterogeneity by creating secondary channels and will likely increase 
the capacity to absorb the impacts of disturbance by attenuating flows 
that access the floodplain. In Black Hollow, where the floodplains will 
likely not be accessed, the floodplain jams may still be enhancing ab
sorption by attenuating flows from the unvegetated hillslopes. These 
cycles of self-enhancing heterogeneity illustrate resilient systems un
dergoing change to absorb the impacts of disturbance and reinforce the 
processes occurring to hold the system in a stable dynamic state, 
increasing the resilience to disturbance.

5.6. Management significance and resilience implications

Post-fire impacts to rivers can be harmful to human communities and 
resources. Increased sediment levels entering drinking water treatment 
facilities reduce the rates of water processing (Smith et al., 2011; Bladon 
et al., 2014; Gannon et al., 2021). River restoration resulting in channel 
reconfiguration can increase the attenuation of flood pulses (Sholtes and 
Doyle, 2011). The research presented here suggests that restoration ef
forts aiming to increase absorbing capacity may be most effective when 
focused on a small spatial scale, defined as a reach in this study. 
Restoration efforts aimed at increasing resilience to disturbance in the 
river corridor should focus on increasing the absorbing capacity through 
spatial heterogeneity within and between reaches.

Catchments that exhibited greater absorbing capacity in this study 
had more reaches with a capacity for attenuation, so reach-scale projects 
that focus on connecting the channel and floodplain where a wider 
valley floor is naturally present are likely an effective strategy. Sheep 
Gulch illustrated how the post-fire catchment response can be impacted 

by a small number of reaches with a capacity for attenuation lower in the 
catchment, further supporting and informing future restoration efforts 
directed at the scale of individual reaches to address whole-catchment 
response to wildfire.

6. Conclusions

The role of river corridor form and process in promoting landscape 
resilience after wildfire is becoming a focus of research and manage
ment. In this study, we assessed the impacts of characteristics at the 
catchment and reach scales on the resilience response after wildfire by 
ranking each of seven catchments on a scale of relative absorbing ca
pacity based on the geomorphic evidence of sediment export. Results 
presented here indicate that absorbing capacity was most closely related 
to characteristics on the reach-scale. Of the catchment characteristics 
assessed, greater absorbing capacity was associated with lower precip
itation intensity. Greater absorbing capacity was associated with 
catchments made up of more reaches with wide floodplains, low channel 
gradient, multiple channels, beaver-modified topography, and multi- 
stem deciduous vegetation.

One catchment was ranked as having greater absorbing capacity 
compared to many other catchments, but it had high precipitation in
tensity and reach slope, characteristics that aligned with the less 
absorbent catchments. Although there was evidence of flooding and 
significant incision throughout much of the river corridor, a series of 
three wide reaches in the lower two-thirds of the catchment apparently 
attenuated the flood flows. These results suggest that resilient catch
ments may not need to have the capacity for attenuation and disturbance 
absorption evenly distributed throughout the river corridor. Addition
ally, multiple reaches with attenuation in succession may provide 
redundancy and attenuate flood flows even after floods increase in 
magnitude downstream. Therefore, while many reaches with a capacity 
for attenuation create a resilient catchment, there are different config
urations of reaches that make up river corridors with enhanced 
resilience.
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