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ABSTRACT

We review and summarize diverse components of a catchment that can be monitored after wildfire to assess the geomorphic re-
silience of the river corridor in semiarid regions. We distinguish upland portions of river catchments from river corridors. Upland
components influence inputs of water, solutes, sediment, and organic matter to river corridors. Upland components following
wildfire can be assessed with respect to topography (erosion, deposition, rilling, channel head position, drainage density, water
and sediment connectivity), snowpack (peak snow water equivalent, snow disappearance date, snowmelt rate), runoff ratio, soils
(repellency, infiltration capacity, sorptivity, soil moisture), and vegetation (community composition, density or percent cover).
River corridor components following wildfire can be assessed via hydrograph characteristics, sediment supply and transport,
channel morphology, floodplain morphology, river corridor connectivity, and aquatic and riparian habitat. We list specific pa-
rameters for each of these components and review methods used to measure these parameters. The ability to evaluate geomor-
phic resilience of a river catchment or corridor may depend on understanding of (i) baselines against which to assess resilience,
(ii) responses of system components through time after disturbance, (iii) choice of specific components within a catchment or
river corridor, and (iv) recognition of human interactions within the catchment or river corridor. We discuss the basis for choices
regarding spatial and temporal resolution and extent of measurements, using the Cache la Poudre River catchment in Colorado,
USA as an example.

1 | Introduction

Wildfires are increasing in frequency, extent, and severity in
many fire-prone regions of the world, including the western
United States (Abatzoglou and Williams 2016; Wohl 2025). High-
severity fires in steep terrain typically trigger a disturbance cas-
cade in which post-fire increases in water and sediment yields to
river networks cause multiple secondary effects including chan-
nel and floodplain instability and changes in habitat, resources,
trophic cascades, and community composition within river cor-
ridors (Moody et al. 2013; Santi et al. 2013; Kemter et al. 2021;

Paul et al. 2022; Ortega-Becerril et al. 2024). Rivers may exhibit
only transient responses or persistent changes (Brunsden and
Thornes 1979) to increased water and sediment yields; these dif-
fering responses can be described in the context of resistance,
resilience, and sensitivity (Table 1). We approach resilience in
the context of physical processes and forms within river catch-
ments, with an emphasis on the river corridor.

A substantial body of literature examines various aspects of
river resilience (e.g., McCluney et al. 2014; Fuller et al. 2019; Van
Looy et al. 2019; Piégay et al. 2020; Greene et al. 2023; Thoms

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2026 The Author(s). River Research and Applications published by John Wiley & Sons Ltd.

River Research and Applications, 2026; 42:1115-1141
https://doi.org/10.1002/rra.70131

1115


https://doi.org/10.1002/rra.70131
https://doi.org/10.1002/rra.70131
https://orcid.org/0000-0001-7435-5013
mailto:ellen.wohl@colostate.edu
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Frra.70131&domain=pdf&date_stamp=2026-03-20

TABLE1 | Definitions for terms used in this paper.

Term Definition Relevant references
Catchment The drainage area above a reference point,

including upland and river corridor areas
Disturbance A relatively discrete event in time that alters a White and Pickett 1985;

Historical range of variability

Natural range of variability

Resilient

Resistant

River corridor

Sensitive

Upland

Wildfire

catchment or stream corridor (e.g., intense rainfall
that triggers hillslope mass movements and floods)

Montgomery 1999

The range through time of a specified parameter
(e.g., channel width or peak flow) during the
period after human alteration of a catchment

Analogous to the historical range of variability
but referring to the period prior to intensive
human alteration of a catchment

Resilience is present when a specified Thoms et al. 2018
component (process or form) returns to the pre-
disturbance state within a timespan shorter

than the return interval of the disturbance

Resistance is present when a specified characteristic Thoms et al. 2018

does not change following disturbance

The active channel(s), floodplain, and
underlying hyporheic zone

Harvey and Gooseff 2015

In sensitive systems, disturbance creates change that Brunsden and Thornes 1979;

persists longer than the return interval of the disturbance Fryirs 2017
All contributing portions of the catchment
outside of the river network
Fires outside of human-built environments started by Wohl 2025

processes not directly associated with humans or by
deliberate or accidental human-generated ignitions of fire

and Fuller 2024; Wohl et al. 2023; Wohl, Fryirs, et al. 2024).
We define resilience of a riverine process or form as being
present when the specified process or form returns to its pre-
disturbance state over a shorter timespan than the return in-
terval of the disturbance (Figure 1). Resilience thus depends on
the magnitude and duration of the disturbance and the change
caused by the disturbance. Assessing whether a specified pro-
cess or form (hereafter referred to as components) has returned
to a pre-disturbance state is not necessarily straightforward
because adjustments after disturbance may follow a trend of
declining fluctuations through time. For example, in a resil-
ient system the first rainstorms following a wildfire may trig-
ger exceptionally high pulses of water and sediment delivery to
the river corridor. Comparable storms in subsequent years may
still produce elevated responses, but the magnitude of those re-
sponses will tend to decline steadily through time as upland veg-
etation and infiltration capacity recover (e.g., Mayor et al. 2007;
Wilson et al. 2018). The natural or historical range of variabil-
ity, if known, can be used as a baseline pre-disturbance state,
along with other sources of information discussed in Section 4.
Resilience can also be assessed for a very specific component,
such as channel width/depth ratio, or for a river corridor as a
whole based on the resilience of multiple components within
areach.

We use a specific, yet broad, physical setting—river catchments
in semiarid regions responding to the disturbance of a wildfire—
to (i) review the physical components that could be examined to
assess resilience, (ii) discuss considerations when characterizing
pre-disturbance state, and (iii) discuss considerations when choos-
ing appropriate spatial and temporal resolution and extent of mea-
surements. We use the Cache la Poudre (Poudre) River catchment
in Colorado, USA to illustrate these three topics. The Poudre River
exemplifies challenges faced by many river corridors in semiarid
regions, including increasingly frequent and severe wildfires;
growing human population and consumptive water demands;
a history of human alterations of the catchment and river corri-
dor; at-risk aquatic species; and changing flow and disturbance
regimes caused by climate warming. As such, the Poudre River
catchment represents characteristics shared by many other river
catchments in the western United States and other fire-prone re-
gions of the world.

2 | Geomorphic Context for Post-Fire Resilience
We focus on reach-scale responses to the wildfire disturbance

cascade. A reach is a continuous length of river corridor with
progressive increase in drainage area and discharge (i.e., no
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FIGURE1 | Conceptualillustration of resilient, sensitive, and resistant system components following disturbances (e.g., wildfires). A resilient sys-
tem component (blue) returns to its natural or historical range of variability (NRV or HRV, gray shaded areas) over a shorter timespan than the return
interval of the disturbance. A sensitive system component (magenta) does not return to its HRV or NRV over a shorter timespan than the disturbance
recurrence interval. A resistant system component (purple) changes very briefly or not at all following disturbance, remaining mostly within NRV

or HRV. [Color figure can be viewed at wileyonlinelibrary.com]

substantial tributary confluences) and consistent channel and
valley-floor geometry. A reach may be tens of meters long in a
headwater stream and tens of kilometers in length in a larger
river. A reach may also be bounded at the upstream and down-
stream ends by a substantial tributary confluence.

A river consists of multiple successive reaches, a river network
includes all the contributing channels above a specified point,
and a catchment includes all the contributing area above
a specified point. A reach exists within the context of these
spatial scales and is influenced by processes upstream and
by downstream conditions such as base level stability (e.g.,
Musselman 2011). The reach is characterized by (i) a physi-
cal template created by the valley-floor geometry, (ii) inputs
of material to the river corridor and fluxes of these materials
through the river corridor—materials include water, solutes,
sediment, and particulate organic matter, and (iii) biophysical
interactions associated with aquatic and riparian vegetation

and animals such as beaver (Castor spp.) in the northern hemi-
sphere or hippos (Hippopotamus amphibius) in parts of the
southern hemisphere (Wohl, Rathburn, et al. 2024). At any
point in time, the morphology of the river corridor in a reach
reflects the history of continuing interactions between the
physical template, inputs and fluxes, and biophysical features
(Wohl 2018).

The catchment, the river network, and individual reaches each
include numerous features and thus have numerous potential
pathways of adjustment following a disturbance such as a wild-
fire (Figure 2), as well as different types and return intervals
for disturbances. Each of these components can be evaluated in
the context of resilience. We identify the components that we
expect to be most useful in assessing resilience, although not
all the components will be either applicable or feasible to char-
acterize for any particular site in a river catchment, and not all
the components will be equally important. The Poudre River,
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Water and sediment yields
from uplands & upstream
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Drainage basin morphology (e.g., Decreased infiltration
relief ratio, catchment size) N Increased rainfall runoff & erosion
Soils & vegetation Altered
Snowpack characteristics - snowmelt runoff
- upland topography
- vegetation
. |
5 | Morphology Altered
2 drainage density |_,| - channel heads & drainage
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FIGURE 2 | Schematic illustration of the catchment, river network, and river reach scales at which geomorphic components can be measured to
assess resilience after wildfire. [Color figure can be viewed at wileyonlinelibrary.com]

for example, starts in the Southern Rocky Mountains and then
flows eastward onto the Great Plains. Changes in upland topog-
raphy caused by sheetwash, rilling, and mass movements are
likely to be more impactful in the steep terrain of the mountain-
ous portion of the river network than in the lowland portion in
the context of assessing resilience.

3 | Quantifiable Landscape Components Affected
by Wildfire

We assume that all the components discussed in this section
may change over time and thus should be measured over time;
we address duration and temporal resolution of measurements
in Section 5. Wildfires can ignite within the uplands or within
a river corridor. Wildfires that burn upland environments can
indirectly affect river corridors by changing inputs of materials
to the river corridor. Wildfires that ignite in either uplands or
river corridors may or may not spread between these environ-
ments. Wildfires that burn river corridors can directly alter pro-
cess and form within the river corridor, for example by removing
riparian vegetation and downed wood and thereby indirectly al-
tering erosional resistance of the channel banks and floodplain
surface (Eaton et al. 2010). Human presence, in the form of in-
frastructure, property boundaries, changes in land cover, and
management actions before, during, and after wildfire can po-
tentially influence all the components discussed in this section.
Topographic change in uplands, for example, may be enhanced
or retarded by human modifications such as post-fire applica-
tion of mulch (Girona-Garcia et al. 2021).

3.1 | Uplands

Upland components strongly influence geomorphic resilience in
river corridors by regulating the timing, magnitude, and charac-
ter of water, sediment, and solute delivery. Following wildfire,
changes in upland processes can amplify or dampen down-
stream responses. Upland components relevant to geomorphic
resilience in river corridors include upland topography, snow-
pack, runoff, soils, and vegetation (Table 2).

Upland topographic change following wildfire reflects shifts
in how water and sediment are delivered to river networks.
Sheetwash and rilling enhance water inputs to a river, while
debris flows rapidly deliver large sediment inputs to the river.
Upland topographic change can also influence subsequent in-
puts to a river by altering downslope pathways, or upland-river
corridor connectivity (e.g., Wilson et al. 2021), for movement
of materials. Changes in upland topography can be measured
using DEM differencing based on sufficiently high resolution re-
peat terrestrial or airborne lidar or Structure from Motion (SfM)
surveys (Rengers, Tucker, et al. 2016; Ellett et al. 2019); SfM
or lidar imagery to locate new erosional features such as rills
(Alessio et al. 2021); erosion pins (Smith and Dragovich 2008);
sediment fences (Robichaud et al. 2020); and field-based map-
ping of channel heads and rills (Wohl 2013a).

Upland snow characteristics influence water, solute, and sed-
iment inputs to the river corridor, as well as the regrowth of
upland vegetation. Relevant snow characteristics include the
peak snow water equivalent, the date of snow disappearance,
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TABLE 2 | Components of uplands that can be assessed for
resilience.

Relevant
Component Characteristics references
Topography Overall erosion Rengers, Tucker,
and deposition (via et al. 2016
sheetwash, mass
movement, soil
creep, dry ravel)
Rilling Berg and
Azuma 2010
Channel head Wohl and
position Scott 2017
Drainage density Moody and
Kinner 2006
Water and sediment Cavalli et al. 2013;
connectivity Wilson et al. 2021
Snowpack Peak snow water McGrath
equivalent et al. 2023
Snow disappearance Gersh et al. 2022
date
Snowmelt rate McGrath
et al. 2023
Runoff Runoff ratio Sheridan
et al. 2007
Soils Repellency Doerr et al. 2000
(hydrophobicity)
Infiltration capacity Nyman et al. 2014
Sorptivity Balfour 2015
Soil moisture Gonzdlez-Pelayo
et al. 2024
Vegetation Community Engel and
composition Abella 2011

(species, age)

Density or Lentile et al. 2007

percent cover

and the rate of snowmelt. Techniques that can be used to as-
sess snow characteristics include snowpack telemetry (e.g., the
SNOTEL network in the western United States, which includes
precipitation gauges and snow pillows to record the weight of
the overlying snowpack every 24 h; Serreze et al. 2001; Giovando
and Niemann 2022); sensors and dataloggers deployed in the
field (e.g., Capelli et al. 2022; Le Breton et al. 2023); satellite-
acquired data such as the US National Aeronautics and Space
Administration's MODIS (Moderate Resolution Imaging
Spectroradiometer) data sets, including MODSCAG (MODIS
snow covered area and grain size) and MODDRF (MODIS dust
radiative forcing in snow); Airborne Snow Observatory (a cou-
pled imaging spectrometer and scanning lidar) measurements
used to estimate snow water equivalent at regular time inter-
vals (Painter et al. 2016); cosmic-ray neutron sensing via various

ground-based platforms (Schron et al. 2021); and ground-based
field surveys of snow depth, snow density, snow water equiva-
lent, and other properties using depth measurement rods and
rulers, snow sampling tubes, and snowpit observations (Kinar
and Pomeroy 2015).

Runoff from uplands influences water, solute, and sediment in-
puts to river corridors. Runoff ratio—the amount of runoff as a
proportion of total precipitation—is a primary characteristic of
runoff. The runoff ratio can be estimated from precipitation and
streamflow data (e.g., Robichaud et al. 2008) and from rainfall-
runoff models (e.g., Rengers, McGuire, et al. 2016) that include
infiltration modeling such as Green-Ampt, Smith-Parlange, or
the Richards equation (Ebel and Moody 2020). Plot-scale rain-
fall simulations are also used to measure post-fire runoff (e.g.,
Johansen et al. 2001). Rainfall-runoff relationships may be mod-
ified by wildfire-induced changes in upland soil and vegetation
characteristics (e.g., Ebel et al. 2012; Partington et al. 2022).

Upland soil characteristics influence infiltration and runoff,
sediment inputs to river corridors, and upland vegetation. The
key soil characteristics following wildfire include (i) repellency
or hydrophobicity, which reduces the affinity of soils to water
such that they resist wetting for periods from a few seconds to
hours, days, or weeks (Doerr et al. 2000); (ii) infiltration capac-
ity, which can be reduced after wildfire by soil-water repellency,
soil sealing, ash particle clogging, ash crust formation, heat
effects that reduce soil structure, and alterations in soil-water
retention (Ebel and Moody 2017); (iii) sorptivity, which is a mea-
sure of how readily a soil absorbs water due to capillary forces
(e.g., Akin and Akinleye 2021); and (iv) soil moisture, which
typically decreases after fire, influencing soil and water inputs
to river corridors and upland vegetation regrowth (Ebel and
Moody 2020). These characteristics can be estimated through:
satellite-borne optical, thermal, passive microwave, and ac-
tive microwave sensors for soil moisture (Wang and Qu 2009);
stationary, car-borne, or rail-borne cosmic ray neutron sens-
ing (Altdorff et al. 2023); field samples analyzed in the lab for
soil texture and bulk density (Moody and Nyman 2013); and
field measurements such as use of an infiltrometer (Nestingen
et al. 2018), mini-disk infiltrometer (Moody et al. 2009) or water
drop penetration time test (Dekker et al. 2009).

Upland vegetation influences (i) infiltration and runoff (Dunne
et al. 1991) by decreasing the average velocity of overland flow,
intercepting raindrop energy and preventing surface sealing,
and creating macropores that increase local hydraulic conduc-
tivity; (ii) surface stability and sediment inputs to river corridors
(Bracken 2010) by providing surface roughness that may help
concentrate overland flow into rills and increasing soil erosional
resistance; (iii) snowpack retention and melt rate by intercepting
snow and shading the ground, depending on the type and density
of the vegetation (e.g., Pomeroy and Brun 2001); and (iv) solute
and organic matter inputs to rivers by altering downslope flow
paths and rates, creating organic matter through plant litterfall,
providing solutes directly to downslope flows, and influencing
upland soil organic matter and leaching of this material (e.g.,
Sebestyen et al. 2008; Van Stan and Stubbins 2018). Relevant
post-fire vegetation characteristics include plant community
composition (species and ages present), and density or per-
cent cover of vegetation. These characteristics can be assessed
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using remote imagery such as normalized difference vegetation
index (NDVI), which measures the amount of potential pho-
tosynthetic activity of vegetation (Leon et al. 2012), and leaf
area index (LAI; Serbin et al. 2013; Graber et al. 2023); normal-
ized burn ratio (NBR, a quantitative measure of burn severity;
Hislop et al. 2018) or differenced NBR (dNBR, based on pre-
versus post-fire differences; Ponomarev et al. 2022); drone- or
satellite-based remote imagery for percent cover (e.g., Martinez
et al. 2021); and field measurements with quadrat plant surveys
(Taylor et al. 2021).

3.2 | River Corridors

Here, river corridors include all parts of the river network,
whether considered at the scale of the entire network, an entire
river, or a single reach. River corridor components relevant to
post-fire geomorphic resilience include flows within the active
channel(s), sediment transport, channel morphology, floodplain
morphology, river corridor hydrologic connectivity, and aquatic
and riparian habitat (Table 3).

Wildfires in moderate to steep terrain typically cause in-
creased fluxes of water and sediment to river corridors in the
first few years after the fire (e.g., Shakesby and Doerr 2006;
Wohl 2025). Increased fluxes can appear as changes in the
hydrograph and sediment dynamics within the active chan-
nel(s) and can also cause changes in channel and floodplain
morphology (Benda et al. 2003; Eaton et al. 2010; Hahn
et al. 2025). Hydrograph characteristics can change with re-
spect to magnitude of total flow and peak flows, as well as
duration, frequency, seasonal timing, and flashiness of peak

flows (Caldwell et al. 2020; White et al. 2022) (Figure 3).
Hydrograph characteristics can be assessed using existing
stream gauges (e.g., Mahat et al. 2015) or stream gauges in-
stalled after a fire using equipment such as pressure trans-
ducers, staff gauges and remote-interval cameras, and other
indirect recording devices (White et al. 2022). Discharge can
also be assessed using measurements such as salt tracers and
conductivity sensors to estimate reach-averaged velocity (e.g.,
Planchon et al. 2005), or installations of temporary weirs
(e.g., Lane et al. 2006). Satellite and/or UAV imagery or field-
measured high-water marks can be used with topographic data
in hydraulic modeling (Bandini et al. 2021; Huang et al. 2022;
Durand et al. 2023). Post-fire relationships for flow magnitude
and frequency can be compared to regional relationships (e.g.,
the US Geological Survey program StreamsStats) or calibrated
pre-fire hydrologic models.

Sediment dynamics after wildfire can change with respect to
the magnitude, duration, and frequency of transport of dis-
solved, suspended, and bedload (Moody and Martin 2009).
Spatial and temporal patterns of bedload mobilization and
transport can be assessed using existing stream gauges that
include measurements of dissolved and/or suspended sedi-
ment (e.g., Jumps et al. 2022). Where gauges for time-series
measurements are not present, either in situ, direct field mea-
surements with handheld or bridge- or boat-mounted samplers
or automated field sampling can be used. Examples of direct
field measurements include collecting suspended load via
DH84 sampler or a Secchi disk or turbidity probe for turbidity
as a proxy for suspended sediment concentration (e.g., Lane
et al. 2006), and the Helley-Smith sampler for bedload (Ryan
et al. 2011). Examples of automated field sampling included

TABLE 3 | Components of river corridors that can be assessed for resilience.

Component

Characteristics

Relevant references

Hydrograph characteristics

Sediment transport

Magnitude, duration, frequency, timing, flashiness

Magnitude, duration, frequency of

White et al. 2022
Ryan et al. 2011, 2024

dissolved, suspended, and bedload

Channel morphology

Width/depth ratio; cross-sectional area and
symmetry; bed grain size; bank stability;
bedforms (type, amplitude, wavelength); bed

Benda et al. 2003; Eaton
et al. 2010; Florsheim et al. 2017;
Busby and Wilcox 2024

gradient; pool volume; sinuosity and channel
planform; large wood (abundance, distribution,
mobility); beaver modifications; relative roughness
coefficient; channel stability (lateral—migration
and avulsion, vertical); spatial heterogeneity

Floodplain morphology

Floodplain/channel width ratio; grain size
and thickness/depth; depth of ash deposition;

Brogan et al. 2019; Iskin and
Wohl 2021; Hahn et al. 2025

vegetation (community composition, density); large
wood load and distribution; spatial heterogeneity

River corridor connectivity

Lateral (channel-floodplain and peak flow
attenuation); vertical (hyporheic exchange

Sutfin and Wohl 2019; Wilson
et al. 2021; Wohl, Marshall, et al. 2024

flows, groundwater recharge); longitudinal;
hydraulic complexity of channel and floodplain

Aquatic and riparian habitat

Abundance, diversity, stability,
connectivity, complexity

Isaak et al. 2010; Kleindl
et al. 2015; Whitney et al. 2015
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FIGURE 3 | Schematic illustration of generic changes in streamflow, snow water equivalent (SWE), and suspended sediment before and after

wildfire in a semiarid mountain river catchment. Source references for conceptualizing these changes in stream flow (Kinoshita and Hogue 2015;
Zhou et al. 2015; Ebel et al. 2016; Partington et al. 2022); for changes in SWE (Koshkin et al. 2022), and for changes in suspended sediment load
(Murphy et al. 2015; Paul et al. 2022; Wohl et al. 2022). [Color figure can be viewed at wileyonlinelibrary.com]

automatic water samplers for suspended load (Petticrew
et al. 2006) and slot samplers (Liébault et al. 2022), geo-
phones, and other passive acoustic methods for bedload
(Rickenmann 2017), as well as indirect bedload estimations
based on seismic signals (e.g., Bakker et al. 2020). Satellite im-
agery can be used to estimate dissolved and suspended loads
on medium to large-sized rivers (Stroud et al. 2021). Bedload is
perhaps the most difficult form of sediment transport to mea-
sure, but post-fire measurements can employ repeat surveys
of bed geometry (Trayler and Wohl 2000), including via ba-
thymetry, or particle tracking of a subset of clasts marked with
RFID (Liébault et al. 2024), paint, or magnetic tags (Eaton
et al. 2010).

Channel morphology can change after wildfire in response to
the combined effects of altered water and sediment fluxes into
and through river corridors, along with increased large wood
mobility, and altered bank erosional resistance if riparian
vegetation burns (Eaton et al. 2010; Busby and Wilcox 2024).
Changes in the morphology of active channel(s) can involve
changes in channel width/depth ratio; cross-sectional area
and symmetry; bed grain size distribution; bedform type,
amplitude, and wavelength; bed gradient; pool volume; bank
morphology and stability; sinuosity and channel planform,;
the relative roughness coefficient for flows; abundance, dis-
tribution, and mobility of large wood; the presence of beaver
modifications (e.g., dams, canals); channel stability in both
the lateral (channel migration and avulsion) and vertical

(incision, aggradation) dimensions; and spatial heterogeneity
(Figure 4).

Most of the potential changes in channel cross-sectional area
and shape and planform can be assessed using repeat surveys
of channel form with traditional surveys (e.g., total station, au-
tolevel; for example, Eaton et al. 2010), RTK or other GPS-based
platforms, boat-based bathymetry, imagery obtained from UAV
or satellite platforms (Canfield et al. 2005), or remote eleva-
tion data from lidar or green lidar (DiBiase and Lamb 2020).
Changes in grain-size distribution can be measured using direct
pebble counts, automated grain-size detection software with
drone- or ground-based imagery for coarse sediment and sample
collection and sieving, laser particle size analysis, or hydrom-
eter measurements for finer sediment (Chardon et al. 2022).
Bank erosion can be assessed using erosion pins of various types
(Papanicolaou et al. 2017) and bank stability modeling (Stryker
et al. 2017). Pool volume can be assessed from repeat surveys
of direct field measurements with the V* technique (Lisle and
Hilton 1992). The distribution of large wood and changes in
large wood position can be assessed using DEM differencing,
supervised classification with remote imagery, and filtered lidar
returns (e.g., Sendrowski and Wohl 2021; Sanhueza et al. 2022).
Roughness coefficients can be estimated from reach-average
velocity measurements (Planchon et al. 2005) or from hydrau-
lic modeling (e.g., Knight et al. 2018). Spatial heterogeneity can
be characterized using a metric such as planform complexity
(the number of separate functional surfaces per unit of channel
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FIGURE4 | Examples of post-fire channel changes along Little Beaver Creek, a mountain tributary of the Poudre River, Colorado, USA. The 2020

photos were taken in July 2020, prior to a wildfire later that calendar year. The 2022 photos were taken in late July 2022, following a substantial flood

that created extensive erosion and deposition along the river corridor. Blue and yellow ovals indicate the same location in each set of 2020/2022 pho-

tos. [Color figure can be viewed at wileyonlinelibrary.com]|

length; Graf 2006) or channel complexity (sum of areal extents of
active bar and secondary water features over consistent lengths
of valley; Curtis et al. 2015).

As with channel morphology, changes in floodplain morphol-
ogy can occur after wildfire in response to changes in water and
sediment fluxes through the river corridor, changes in chan-
nel mobility and channel-floodplain connectivity, combustion
of riparian vegetation, and changed mobility and distribution
of large wood (Brogan et al. 2019; Hahn et al. 2025). Altered
floodplain morphology takes the form of changes in the ratio of
floodplain width/channel width (McLin et al. 2001); the grain-
size distribution and thickness of alluvium in the floodplain
(Wohl et al. 2020); the depth of ash deposition (wildfire ash al-
ters physical properties and hydraulic properties of sediment;
Bodi et al. 2014); the community composition and cover density
of floodplain vegetation (Bendix and Cowell 2010); and the spa-
tial heterogeneity of the floodplain associated with floodplain
topography, beaver modifications, and large wood (Kleindl
et al. 2015). Most of the techniques described for characterizing
channel morphology also apply to floodplain morphology—re-
peat surveys using diverse ground-based and aerial platforms

(Brogan et al. 2019). Floodplain grain-size distribution and allu-
vial thickness can be assessed via coring or shallow geophysical
techniques such as ground penetrating radar or seismic reflec-
tivity (Malenda et al. 2019). Thickness, depth, and spatial ex-
tent of ash deposition can be measured using sediment cores,
cutbank exposures along the active channel, and from spectral
indices in satellite imagery (Chafer et al. 2016). Vegetation char-
acteristics can be estimated via field measurements in quadrats
(Bendix and Cowell 2010) and remotely using aerial or satellite
imagery (White et al. 1996; Pérez-Cabello et al. 2021).

River corridor hydrologic connectivity can be assessed in lat-
eral, longitudinal, and vertical dimensions. Lateral (channel-
floodplain) connectivity can change after wildfire in response
to changes in both the dimensions of channel and floodplain
and the fluxes of water into and through the river corri-
dor (Benda et al. 2003; Wohl, Marshall, et al. 2024). These
changes, which can either enhance or reduce the attenuation
of peak flows, can be estimated using 2D hydraulic modeling
(Chen et al. 2020); digital elevation models with delineated
floodplains that include topographic thresholds for floodplain
inundation (Brinkerhoff 2024); arrays of sensors or remote
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imagery to detect the presence of water on the floodplain
(Hudson et al. 2013), or floodplain staff gauges and cameras
to record overbank flows; field surveys of high water marks
and the presence of post-fire, fluvially created erosional and
depositional features on the floodplain (Wohl, Marshall,
et al. 2024); SWOT and satellite imagery for larger catchments
(Pavelsky et al. 2014); and the presence, location, and charac-
teristics (age, species) of wetland and phreatophyte vegetation
communities (Pike and Scatena 2010).

Vertical (surface-hyporheic-groundwater) connectivity can
change after fire in response to changes in upland infiltra-
tion, as well as the grain-size distribution and surface con-
figuration of the channel and floodplain (Benda et al. 2003;
Rey et al. 2023). Hyporheic exchange flows can be mapped
using salt tracers and electrical resistivity (Ward et al. 2010;
Gambill et al. 2025); dye or radon tracers (Bourke et al. 2014);
and patterns of streambed temperature (Westhoff et al. 2011).
Groundwater recharge and upwelling can be mapped using
shallow wells (Coluccio and Morgan 2019); seepage meters
(Brunner et al. 2017); isotopic signatures and tracers (Johnson
et al. 2024); measures of soil moisture content over time via
automatic recorders such as electrical conductivity sensors
or satellite imagery (Soylu and Bras 2021); measurements of
streambed water temperature (Bianchin et al. 2010); integrated
surface and subsurface hydrological flow models (Brunner
et al. 2017); mapping of spring-head channels; mapping of
wetland and phreatophyte vegetation (Crossman et al. 2012);
and thermal imagery (Casas-Mulet et al. 2020).

Longitudinal connectivity can change after fire in response to
altered water and sediment fluxes into and through river corri-
dors, as well as changes in channel and floodplain morphology,
including topographic irregularities and obstructions such as
logjams and beaver dams (Benda et al. 2003; Wohl et al. 2022).
Similar to the techniques applicable to lateral hydrologic con-
nectivity, longitudinal hydrologic connectivity can be assessed
using sensors that record the presence and/or depth of flow in
channels and on the floodplain (Jaeger and Olden 2012); staff
gauges and time-interval cameras; calibrated 1D static and 2D
hydraulic models (e.g., Choi et al. 2015); and indirect assess-
ments based on the presence of geomorphic features such as
tributary fans, floodouts, or floodplains that could attenuate
peak flows, or the distribution and genetic characteristics of
aquatic populations (Cote et al. 2009; Fullerton et al. 2010).

Hydraulic complexity of river corridors can be assessed using
direct hydraulic measurements with acoustic Doppler velocity
measurements (Wallis et al. 2012); estimates of hydraulic com-
plexity based on particle image velocimetry (Bandini et al. 2021)
or geometric characterization of topography, grain size, and
other sources of roughness as a first approximation of relative
hydraulic differences (e.g., Buffington and Montgomery 1999);
characterization of mechanisms for flow energy dissipation and
of the distribution and characteristics of flow separation fea-
tures such as secondary channels, logjams, and channel expan-
sions or constrictions (Addy and Wilkinson 2019); and 2D and
3D hydraulic modeling (Olsen and Stokseth 1995).

The abundance, diversity, stability, connectivity, and complex-
ity of aquatic and riparian habitat can be altered by post-fire

changes in water and sediment fluxes, the configuration and
stability of the river corridor, and factors such as food resources,
trophic cascades, and connectivity for diverse organisms in
the river corridor (Benda et al. 2003; Bixby et al. 2015; Ward
et al. 2022). The characteristics of habitat can be assessed using
tools such as habitat suitability models (Yi et al. 2017) and the
presence or absence of species and characteristics of populations
(Dunham et al. 2007).

3.3 | Assessment of Catchment-To Reach-Scale
Resilience

Existing resilience evaluations based on multiple components
commonly use a categorical objective and/or subjective weight-
ing system (e.g., Nemec et al. 2014) in which the determina-
tion of indicator weight is a key step (e.g., Han et al. 2023).
Choice of components to include is also a key step, especially
in the context of assessing the resilience of a reach or entire
length of river corridor. Choice of components and assign-
ment of weights reflect both practical considerations of what
can be measured and monitored and identification of the most
important components at a specific site. If turbidity is partic-
ularly important because of water-supply intakes or aquatic
habitat, for example, then direct measurement of turbidity
and/or suspended sediment concentrations at varying flows
and locations along a river may be the top priority for moni-
toring. Assessment of potential sources for fine sediment via
measurement of upland erosion and ground cover, stream bank
stability, and floodplain erosion and ground cover, as well as
precipitation and stream flow thresholds for mobilizing these
sediments, might be a secondary priority to facilitate under-
standing potential controls on observed turbidity. These more
extensive measurements require greater time and effort but
can also make resilience monitoring less of a “black box” by
providing insights into the thresholds that trigger increases in
turbidity and the potential for continuing changes in turbid-
ity as vegetation regrows and stabilizes sediment or as poten-
tial sediment sources are exhausted. Assessing more variables
for resilience increases the complexity, expense, and time of
monitoring, but can also increase the insight into interactions
among variables that control outcomes of interest, such as bed
substrate stability, sediment yield to downstream areas, turbid-
ity, or habitat diversity.

We suggest the following steps for developing a resilience index:

1. Assess available information on baseline condition and
available pre-fire data; these may dictate which variables
are worth monitoring to assess post-fire changes.

2. Choose and rank the response variable(s) of interest and
potential underlying controls; as a hypothetical exam-
ple, direct response variables might be channel substrate
grain-size distribution and stability, and controls on these
response variables might be instream sediment supply ver-
sus sediment transport capacity.

3. Identify the spatial extent and duration and the spatial
and temporal resolution and technology that are feasi-
ble to use for measuring the response variable(s); in the
hypothetical example in the previous step, this might
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involve repeat photographic measurements of bed par-
ticle size and use of tracer clasts to assess bed stability,
measured twice yearly at 10 locations within a reach for
at least 2years.

4. Revisit choices for extent, duration, and resolution of moni-
toring after the initial runoff season or other specified time
period to assess whether initial choices are adequate for
desired purposes.

4 | Considerations for Evaluating Resilience

The ability to evaluate geomorphic resilience of a river catch-
ment or corridor may depend on an understanding of (i) base-
lines against which to assess resilience, (ii) responses of system
components through time after disturbance, (iii) choice of spe-
cific components within a catchment or river corridor, and (iv)
recognition of human interactions with the catchment or river
corridor. We review each of these factors below.

4.1 | Baselines Against Which to Assess Resilience

Baselines here refers to pre-wildfire conditions. At some sites,
records of pre-disturbance conditions may exist in the form
of quantitative measurements such as stream gauging records
(Mahat et al. 2015; Saxe et al. 2018) or remote imagery from
which characteristics such as upland land cover or channel
planform can be extracted (Wells et al. 2024). Where pre-fire
data are limited, conditions prior to disturbance may be inferred
from adjacent, undisturbed but otherwise comparable sites
based on ground measurements, remote sensing, or published
studies (Nigro et al. 2024); hydrologic and hydraulic modeling
conducted prior to the disturbance or conducted based on as-
sumed/inferred pre-disturbance conditions (Mahat et al. 2015;
Havel et al. 2018); stratigraphic and sedimentary geochemical
indirect indicators of pre-disturbance conditions (MacDonald
et al. 1991; Reneau et al. 2007); topography of the river corridor
as this indicates pre-disturbance forms (Garcia et al. 2020); his-
torical records from before the disturbance, such as topographic
maps or ground-based photographs (Cousins 2001; Fuchs
et al. 2015); and personal communications from residents and
others familiar with the site prior to disturbance (Goforth and
Minnich 2007).

When using any of these methods to infer pre-disturbance
conditions, it is important to conceptualize the catchment
or river corridor as dynamic, with a disturbance regime
(Montgomery 1999) and continual adjustments. The concepts of
natural or historical range of variability are useful in this con-
text. Although sometimes used interchangeably, natural range
of variability describes the conditions of a natural system prior
to intensive human alteration of that system, whereas histori-
cal range of variability may describe conditions after human
alteration. In either case, the intent is to understand the range
of variations in relevant components during a specified time-
span (typically, many decades or longer) (e.g., Cissel et al. 1994;
Morgan et al. 1994). If the natural range of variability is used
to characterize pre-disturbance conditions, then return to those
conditions occurs when river corridor components pushed

beyond this range by wildfire once again fall within the natural
range of variability.

4.2 | Responses of System Components
Through Time

Response curves or recovery trajectories of system compo-
nents following disturbance can also be used to evaluate
whether the magnitude and/or frequency of changes in a
particular variable are declining through time (Warrick and
Rubin 2007; Ebel et al. 2022), as well as whether changes
are returning the component to a pre-disturbance condition
(Gibson and Shelley 2020). Disturbance can force a river corri-
dor into an alternate state that then remains stable; examples
include beaver meadows that become elk grasslands because
of intensive ungulate browsing and loss of riparian willows
(Wolf et al. 2007) and wood-poor corridors in which removal
of large wood causes a braided or anastomosing channel
with a spatially heterogeneous floodplain to become a single-
thread channel with a more homogeneous floodplain (Collins
et al. 2012; Livers et al. 2018). In these examples, system com-
ponents may change relatively rapidly and then exhibit little
change. Alternatively, substantial changes immediately fol-
lowing wildfire—increased peak flows and sediment trans-
port following precipitation, for example—may gradually
decline in magnitude with time despite similar precipitation
inputs and eventually reach input-response characteristics
similar to those present prior to the disturbance. Trends in
system components through time can thus be used to indi-
rectly assess whether the component is resilient.

Ebel et al. (2022) distinguish statistical and functional evalu-
ations of recovery. Statistical evaluations are based on central
tendencies, variances, statistical distributions, or quantitative
statistical relations such as linear regression. These are used to
define pre- and post-fire states; sequential temporal compari-
sons form the basis for assessing a return to the pre-fire state.
Functional recovery assessments rely on the re-establishment,
or documentation of no change, of hydrologic functions such as
soil moisture or discharge.

4.3 | Choice of Components

Resilience to wildfire disturbance can be evaluated for a spe-
cific component, such as sediment yield to a reach of river cor-
ridor, annual peak flow, bedform amplitude and wavelength,
or hydrologic connectivity of floodplain wetlands. Resilience
can also be evaluated for multiple components in a catchment
or river corridor, with some type of weighting used to assess
resilience of the catchment or river corridor as a system. The
use of multiple components to create a resilience index has
mostly been used thus far to evaluate river biotic communi-
ties, water quality, or urban flooding (Nemec et al. 2014; Han
et al. 2023), but such an approach might also be useful for geo-
morphic components, as discussed in the context of the Poudre
River in Section 6. Realistically, component choice is likely to
reflect the objectives of monitoring (e.g., suspended sediment
concentrations are a primary concern because of water-supply
intakes) and feasibility (budget, spatial extent of measurement
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area, duration of measurements, access to remote data or field
measurements).

4.4 | Human Effects

Resilience of river catchments and river corridors is most likely
to be evaluated in the context of human needs, desires, and ex-
pectations, whether these relate to ecosystem services, hazards,
or protection and restoration of native species, communities, or
ecosystems. Although we focus here on the geomorphic resilience
of river systems, this can be closely related to the resilience of in-
frastructure and human communities. The State of Colorado, for
example, defines resilience as “the ability of communities to re-
bound, positively adapt to, or thrive amidst changing conditions
or challenges—including human-caused and natural disasters—
and to maintain quality of life, healthy growth, durable systems,
economic vitality, and conservation of resources for present and
future generations.” (Colorado Resiliency Framework 2025).
The Colorado Department of Transportation (CDOT Risk and
Resilience Site, n.d.) and the State of Colorado (Colorado House
Bill 18-1394, n.d.) define resilience as the ability to keep roads open
and functional in the face of unexpected events and challenges
(Colorado House Bill 18-1394, n.d.).

Geomorphic resilience of river catchments and river corridors may
also be constrained by direct and deliberate or indirect and inad-
vertent human alterations of natural systems. Examples include
mulching burned uplands with hay that has led to unintended in-
troduction of nonnative cheatgrass (Bromus tectorum) (Bontrager
et al. 2019), an annual grass that increases fire fuels and can pro-
mote a change in the wildfire regime to more frequent fires (Balch
et al. 2013). This may in turn cause sustained post-fire increases
in water and sediment yields to river corridors. Steep sections of
unpaved roads can be locations of substantial rilling after wildfire
and can enhance sediment delivery from uplands to river corridors
(Sosa-Pérez and MacDonald 2017). Another example comes from
catchments with consumptive water withdrawals that limit peak
river flows and therefore the ability of the river to export excess
post-fire sediment (Peat et al. 2005; Katz et al. 2026).

5 | Extent, Duration, and Resolution of
Measurements

In addition to choosing specific components to measure and
appropriate measurement techniques, choices regarding spatial
and temporal resolution for measurements and spatial extent
and duration of measurements will influence the ability to as-
sess geomorphic resilience. Moody et al. (2013) identified the
need to characterize the temporal and spatial distributions of
major processes of precipitation, infiltration, runoff, and sedi-
ment erosion and transport as a critical theme for understanding
post-wildfire landscape responses.

5.1 | Spatial and Temporal Resolution
for Measurements

Spatial and temporal resolution for measurements will vary
with the component and the location of interest, as well as the

measurement technique used. Measurements of the spatial ex-
tent and duration of snow cover using MODIS data, for example,
have a 500 x 500 m spatial resolution and are collected on a daily
basis; this spatial and temporal resolution is imposed by the
use of a standardized dataset. Repeat, ground-based surveys of
channel dimensions may include individual survey points with
spatial resolution governed by equipment capabilities (e.g., cen-
timeters if the field crew uses an RTK GPS unit) and temporal
resolution governed by the frequency of field visits and repeat
surveys.

Among the important considerations in selecting spatial and
temporal resolution are that needed resolution may (i) decline
with time since the wildfire as uplands and river corridors grad-
ually adjust to the effects of the fire (e.g., Sheridan et al. 2007;
Orem and Pelletier 2015); (ii) vary with ongoing events and
inputs, such as intense or prolonged precipitation that triggers
inputs of water, solutes, and sediment to the river corridor or
redistributes material within the river corridor (Liu et al. 2022);
(iii) depend on the scale of inputs or changes—an example in-
cludes the spatial and temporal variability of rainfall, with some
threshold rainfall intensity or volume required to trigger sub-
stantial upland runoff and associated changes (e.g., Rengers,
Tucker, et al. 2016); and (iv) depend on the seasonality of po-
tential changes, such as greater spatial and temporal measure-
ments of vegetation characteristics during the growing season
(e.g., Van Leeuwen et al. 2010) or of snow during the winter and
spring. Appropriate spatial and temporal resolution can be esti-
mated based on the expected magnitude, frequency, and dura-
tion of inputs and changes.

5.2 | Spatial Extent and Duration
of Measurements

The spatial extent of measurements in a burned catchment
and the length of time over which measurements are made
also depend on the component being measured, the location
of interest, and the measurement technique used. Remotely
sensed data, for example, may be limited by spatial and tem-
poral resolution but they can typically cover large spatial areas
(e.g., Argentiero et al. 2021). Ground-based field measurements
may have higher spatial and temporal resolution but limited
spatial extent and duration of measurements (e.g., Van Eck
et al. 2016).

Additional considerations with regard to spatial extent and du-
ration of measurements include the following:

1. The spatial extent depends on the scale of events and in-
puts and the extent of the study area. The scale of events
and inputs may vary in relation to the size of storm cells
creating rainfall and associated runoff and sediment mobi-
lization, for example, as well as whether measurements are
to be made only in burned areas or also in unburned areas
that can provide a comparison to the response of burned
areas. In large catchments or spatially extensive wildfires,
it may not be feasible to include all burned areas and either
representative (e.g., Johansen et al. 2001) or particularly
responsive portions of a catchment (e.g., Triantafillou and
Wohl 2024) may be selected for measurements.
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2. Measurement duration may depend on the intensity of the
wildfire and the characteristics of the catchment. Low-
intensity wildfire and low-relief terrain may not create el-
evated levels of runoff or solute or sediment fluxes from
uplands, for example, and therefore may not create substan-
tial responses in river corridors (Bonell and Williams 1987;
Wohl 2025).

3. Duration of measurements may also depend on evidence of
decreasing magnitude of response. Runoff yields from rain-
fall (e.g., Liu et al. 2022; Partington et al. 2022), suspended
sediment concentrations (e.g., Desilets et al. 2007), and sed-
iment yields (e.g., Shin et al. 2013) commonly decrease with
time following fire and this may limit the duration of meas-
urements as these components approach pre-fire levels.

4. Measurement duration may depend on evidence of either
self-arresting feedbacks that limit the duration of response
and monitoring or self-enhancing feedbacks that may ex-
tend the duration of response and monitoring. Regrowth
of vegetation or limited supply of upland sediment may
cause abrupt or rapid declines in sediment yields to river
corridors with time (Wohl and Pearthree 1991; DiBiase
and Lamb 2013), creating self-arresting feedback in post-
fire channel change that limits the duration of monitor-
ing necessary to measure post-fire landscape trajectory.
Alternatively, self-enhancing feedbacks can create per-
sistent post-fire channel changes. In Montana's Sleeping
Child Creek catchment, for example, post-fire debris flows
caused channel aggradation upstream from each debris-
flow fan, incision across the fan, and aggradation down-
stream during the first Syears after the fire (Hoffman and
Gabet 2007). After 11years, however, increased instream
wood loads and a beaver dam had caused continuous ag-
gradation that will likely persist over longer timespans
(Short et al. 2015). This self-enhancing feedback indicates
the extended duration of measurements required to under-
stand the recovery trajectory.

5. Finally, expectations based on documented responses in the
scientific literature may influence the spatial extent and du-
ration of post-fire measurements. A synthesis of 51 studies
indicates that post-fire increases in suspended sediment typ-
ically persist for at most 5years, although some studies indi-
cated elevated yields for 14 years or more (Paul et al. 2022).

6 | The Cache la Poudre River, Colorado Case
Study

6.1 | Catchment Characteristics

The Poudre River heads in the Southern Rocky Mountains at
4145m elevation and flows eastward approximately 200km to
its confluence with the South Platte River on the Great Plains at
1399 m elevation, draining 4895 km? (Figure 5). Climate is semi-
arid, with increasing mean annual temperature (—4°C to 10°C)
and decreasing mean annual precipitation (1000 to 380 mm) at
lower elevations (NOAA 2024). Upland vegetation includes tun-
dra (>3460m elevation), subalpine conifer forest (3360-2850m
elevation), montane conifer forest (2850-1835m elevation), and
shortgrass prairie (< 1800 m elevation).

The mountainous portion of the catchment can be divided
into snow zones that are persistent (> ~3000 m elevation; deep,
lasting snow throughout winter months), transitional (~3000
to 2600m; consistent winter snow, but snow persistence
and snow water equivalent less than in the persistent zone),
and intermittent (<2600 m; continual snow cover only peri-
odically throughout winter) (Moore et al. 2015). Portions of
the catchment above 2300m elevation have predominantly
snowmelt peak flows with peak unit discharge typically of
1.1 m3/s/km? (Jarrett 1990). Below 2300 m, the river network
also experiences flash floods from summer convective storms.
These floods can have unit peak discharge up to 40 m3/s/km?
(Jarrett 1990), although the unit peak discharge declines in
larger rivers such as the Poudre River mainstem. Although
no major dams are present along the mainstem, numerous di-
versions reduce peak and base flow through the City of Fort
Collins (in the prairie portion of the catchment) by 59% and
57%, respectively, from pre-development levels (Shanahan
et al. 2014).

Three general types of wildfire regimes occurred historically
in the mountain portion of the Poudre catchment (Veblen and
Donnegan 2005). Frequent, low-severity fires burned mainly
the ground surface over areas of ~100ha and recurred at inter-
vals of 5-30years in the lower elevations of the montane zone.
Infrequent, high-severity fires that killed all canopy trees over
areas of hundreds to thousands of hectares recurred at intervals
of >100years in the subalpine zone. A complex pattern of both
low- and high-severity fires that burned areas of ~100ha and re-
curred at intervals of 40-100years occurred in the middle and
upper montane zone (Veblen and Donnegan 2005).

As with other regions of the world, the wildfire regime of
the Poudre River catchment is changing rapidly in response
to a warming climate and human effects (e.g., Schoennagel
et al. 2017). We focus on the two most recent major wildfires in
the catchment, which occurred in 2012 and 2020. The 2012 fire
was ignited by a lightning strike and burned nearly 35,380ha,
mostly in the montane zone. The 2020 fire was likely human-
caused and burned nearly 84,550ha in the montane and sub-
alpine zones; for now, it is the largest wildfire in Colorado's
history. Multiple studies document the geomorphic effects of
these wildfires in uplands and river corridors within and down-
stream from the burned areas (Table 4).

6.2 | Assessing Geomorphic Resilience
of the Cache la Poudre River Catchment and River
Corridor

A key consideration for this river catchment is the longitu-
dinal variation in catchment characteristics from the moun-
tainous upper catchment to the plains portion of the lower
catchment (Figure 6). Assessment of upland resilience will
focus on the mountainous upper catchment that is likely to be
the site of wildfires, whereas assessment of river corridor re-
silience can focus on any and all portions of the river network.
Among the issues of concern post-wildfire are (i) increased
water and sediment yields to river corridors that cause flash
flooding and debris flows during summer convective rainfall
(Moody and Martin 2001; Triantafillou and Wohl 2024); (ii)
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National Interagency Fire Center (2022). [Color figure can be viewed at wileyonlinelibrary.com]

degraded water quality associated with increased turbidity
(Clow et al. 2024) and increased yields of phosphate (Hohner
et al. 2016), nitrate (Mast et al. 2016), and dissolved organic
carbon (Writer et al. 2012) to downstream water-supply res-
ervoirs; (iii) fish kills and degraded aquatic habitat from the
combined effects of turbidity, fine sediment accumulation
in channels, and increased water temperatures from loss of
riparian shading (Dunham et al. 2007; Preston et al. 2023);
and (iv) channel instability and damage to infrastructure
associated with excessive erosion or sedimentation (Chin
et al. 2016). Ability to identify issues of greatest concern post-
wildfire facilitates identifying appropriate components of the
catchment and river network for resilience assessment, as well
as relevant spatial and temporal characteristics of resilience
assessment.

6.2.1 | Catchment-Scale Resilience

Wildfires in the mountainous uplands have demonstrably in-
fluenced the five components of upland topography, snowpack,

runoff, soils, and vegetation (Table 4), but ongoing climate
warming and drying in the region are also influencing snow-
pack and vegetation characteristics. Interactions between wild-
fire and climate change (Calder and Shuman 2017) may preclude
return to pre-fire conditions of snowpack (Gergel et al. 2017;
Bolinger et al. 2024) and vegetation communities (Fornwalt
et al. 2024), in particular. A catchment-scale resilience assess-
ment could focus on any one of the five basic components listed
above or focus on a subset of these components.

Interactions among the five components are of interest in a
geomorphic context as they influence water and sediment
yields to river corridors, so a resilience assessment might
focus on the factors limiting return to pre-fire yields, such as
regrowth of ground cover as this influences response to rain-
fall (Graber et al. 2023). Assessment of snowpack resilience is
likely to require repeat measurements over a longer timespan
because of the slower regrowth rate of forest cover and the po-
tential for factors such as wet and dry deposition of dust from
distant locations that can influence snowmelt rates (McGrath
et al. 2023). Assessment of either ground cover or snowpack
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TABLE 4 | Some of the documented hydrologic and geomorphic effects of the 2012 and 2020 wildfires in the Poudre River catchment.

Hydrologic and geomorphic effects

References

17%-25% decrease in peak snow water equivalent, 82%-144% greater melt rates, and
11-13days earlier disappearance of snow during first winter and spring after 2020 fire

Rainfall intensity thresholds for post-fire runoff during summer convective storms
increased with time after 2012 fire

Following 2020 fire, sites in persistent snow zone more responsive to rainfall (measurable
stream flow response) than sites in other snow zones and burned sites more responsive
than unburned sites, but persistent snow zone sites had longer lags between peak rainfall
and peak discharge, indicating infiltration excess overland flow at intermittent snow zone
sites

Hillslope-to-stream sediment delivery ratios and area-normalized cross-sectional channel
change increased with the percentage of catchment that burned at high severity during the
2012 fire

Sediment transport from excess overland flow dominated sediment entrainment and
delivery to small, ephemeral tributaries in the 2012 burn area, which did not experience
net channel cross-sectional change despite evidence of multiple episodes of scour and
fill during first runoff season after fire; perennial tributaries delivered sediment that
accumulated on alluvial fans at each confluence with the South Fork Poudre River

Mean drainage area above channel heads decreased by > 2 orders of magnitude
immediately after 2012 fire, but returned to pre-fire levels within 4 years

After 2020 fire, anomalous winter flooding over ice during temporary warming in spring
2021
Increased base flow during first year after 2020 fire

Suspended sediment concentrations on South Fork Poudre River during summer storms
declined monotonically to background conditions over 3years after the 2012 fire, despite a
major flood in 2013

Net sediment accumulation in the valley floors of tributaries to the Poudre River over a
4-year period after the 2012 fire, especially in wider and flatter valley floors during the first
2years, despite substantial erosion during the 2013 flood

Net in-channel and floodplain sediment accumulation following 2020 fire until 2022 major
flood caused substantial channel erosion; channel-spanning logjams attenuated in-channel
sediment fluxes until 2022 flood redistributed most logjams to the floodplain

Substantial post-fire debris flows and flash floods in small (< 40km? drainage area)
catchments

Channel and floodplain change greatly increased in magnitude after the first runoff season
following the 2020 fire but returned to the historical range of these metrics 3years after
the fire; geomorphic change included secondary channel infilling, reduced pool area, and
increased area of bars and islands

Portions of the Poudre River mainstem on the Great Plains experienced substantial
sedimentation following the 2020 fire; flow regulation and lack of peak flows have allowed
marginal sediment deposits to persist and become partly stabilized by riparian vegetation
as of the 2023 runoff season

McGrath et al. 2023

Wilson et al. 2018

Miller 2022

Wilson et al. 2021

Rathburn et al. 2018

‘Wohl 2013a
‘Wohl and Scott 2017

White et al. 2022
‘Wohl et al. 2022

Ryan et al. 2024

Brogan et al. 2019

‘Wohl et al. 2022; Wohl,

Marshall, et al. 2024

Triantafillou and Wohl 2024

Hahn et al. 2025

Katz et al. 2026

characteristics could rely on remote data for the entire moun-
tainous portion of the catchment or focus on subcatchments
or elevation zones that are likely to produce the greatest water
and/or sediment yields. In the Poudre catchment, the inter-
mittent snow-covered zone (snow persistence, or snow on the
ground, 25%-50% of time between 1 January and 3 July) at
elevations below ~3000m is likely to be the most sensitive
to change in snow characteristics and vegetation (Harrison
et al. 2021) and is a logical choice for more intensive or

spatially limited monitoring. Post-fire declines in evapotrans-
piration rates may have a larger effect on water yield than
fire-related changes in snowpack in portions of the catchment
without persistent snowpack (e.g., Poon and Kinoshita 2018).
Existing work suggests that ground cover may return to levels
that limit water and sediment yields within circa 5Syears of
wildfire (Graber et al. 2023) but recovery of the forest canopy
will require decades (Kampf et al. 2022). Monitoring the resil-
ience of snowpack characteristics can inform understanding
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FIGURE 6 | Schematic illustration of primary elevation zones in the Poudre River catchment affected by wildfire and some of the primary post-

fire concerns in each zone. [Color figure can be viewed at wileyonlinelibrary.com]

of the processes underlying water yield to river corridors and
thus the basic energy and fluvial transport capacity available
for ongoing change within the river corridor.

6.2.2 | River Corridor Resilience

Mountain wildfires have also demonstrably influenced the
components of the river corridor in both the mountains and
plains portions of the Poudre River catchment (Table 4) al-
though the magnitude, duration, and nature of post-fire
changes in the river corridor vary throughout the river net-
work. Portions of the Poudre River network that could be af-
fected by mountain wildfires include ephemeral headwaters,
perennial tributaries, and the mainstem river in the moun-
tains, as well as the mainstem in the plains portion of the
network.

Ephemeral mountain headwaters may be of concern primarily
as a conduit or source (via bed and bank erosion) for increased
sediment yield to downstream portions of the river network.
Resilience assessments that indicate areas of erosion or deposi-
tion could include direct measurements of sediment transport,
or repeated ground-based/remote measurements of channel
morphology (e.g., Ridgway et al. 2024). Channel instability may
continue after water and sediment yields have declined to pre-
fire levels. Ephemeral headwater channels may stabilize within
a few years (e.g., Minshall et al. 2004; Rathburn et al. 2018),

although this is poorly constrained because most studies focus
on the immediate channel response within a year or two of a
wildfire.

Perennial mountain tributaries may be of most concern as
locations of (i) flash flooding, (ii) sediment transport, sourc-
ing, or storage, and (iii) aquatic habitat. Resilience assess-
ments could focus on: flow measurements (Ebel et al. 2022;
Wohl et al. 2022); measurements of sediment transport (Ryan
et al. 2024); change in channel geometry (Benda et al. 2003;
Legleiter et al. 2003; Florsheim et al. 2017), large wood accu-
mulations (Zelt and Wohl 2004), and other channel charac-
teristics as these indicate erosion or deposition; longitudinal
connectivity as this indicates the potential to attenuate down-
stream fluxes of water, sediment, and phosphate (Triantafillou
and Wohl 2024); vertical connectivity (Pugh et al. 2022) as this
indicates potential for nutrient (nitrate) uptake; and/or direct
metrics of habitat such as pool volume and spawning gravels
(Florsheim and Chin 2024). More attention has been given to
recovery times of perennial mountain streams than to ephem-
eral streams because of the direct effects of perennial streams
on water quality and aquatic habitat throughout the larger
river network.

These studies suggest that changes in perennial stream morphol-
ogy in response to wildfire can be more sustained over many
years (e.g., Minshall et al. 2004), especially where (i) a threshold
is crossed with respect to incision or aggradation and change
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in channel planform, or (ii) feedbacks among tributary chan-
nels, alluvial fans, and axial channels (e.g., Benda et al. 2003;
Florsheim et al. 2017), fluvial and debris-flow processes
(Murphy et al. 2019), or physical processes and living vegetation
(e.g., Eaton et al. 2010) or downed wood (e.g., Short et al. 2015)
create nonlinear and time-lagged responses to the fire. Again,
however, the exact timespan over which fire-induced changes
may persist is poorly constrained because of both site-specific
considerations that limit extrapolations across rivers and the
paucity of long-term studies.

The mainstem Poudre River in the mountainous portion of the
river network is also of most concern with respect to sediment
transport or storage and aquatic habitat. Resilience assess-
ments could thus focus on channel change, habitat abundance
and quality (pool volume, bed substrate, areas of flow separa-
tion), and longitudinal connectivity for organisms. The Poudre
River in the mountains is a relatively steep (average gradient
0.006 m/m) river with high transport capacity for the sediments
introduced to the mainstem from adjacent uplands and tribu-
taries following wildfire, but the longitudinal profile alternates
downstream between steep (gradient 0.01-0.02 m/m), laterally
confined reaches and lower gradient (0.003-0.006 m/m) reaches
in which floodplains, backwaters, and secondary channels
can accumulate and store sediment. The steeper, transport-
dominated reaches (sensu Montgomery and Buffington 1997)
appear to experience minimal change in channel morphology,
habitat, or longitudinal connectivity after wildfire. Channel-
margin sediment deposits of sand-size and finer, as well as
greater embeddedness of riffle gravels, are more likely to form
after wildfire in the lower gradient response reaches, and these
effects may persist for several years to decades (Wohl and
Cenderelli 2000; Katz et al. 2026). This suggests that it would be
most effective to monitor post-fire river corridor resilience by fo-
cusing on lower-gradient segments, particularly with respect to
channel marginal areas and embeddedness of coarser sediment.

Wildfire-related effects in the prairie portion of the mainstem
Poudre River relate mainly to sediment dynamics (primarily
deposition) as this influences channel change and hazards to
infrastructure and aquatic habitat. The prairie portion of the
river corridor historically had a meandering to anastomosing
channel with floodplain wetlands, high lateral connectivity,
cottonwood (Populus spp.) riparian gallery forests, and bea-
ver modifications (Sexton 1998; Wohl 2013b; Katz et al. 2026).
This was the upstream-most extent of many native, endemic
fishes of the Great Plains (Fausch and Bestgen 1997). The
contemporary river is a single channel with limited sinuosity
and channel-floodplain connectivity. Water diversions reduce
peak and base flows by 59% and 57%, respectively, from pre-
development levels. These extensive flow withdrawals have
altered the annual hydrograph. In-channel structures such as
low dams and weirs interrupt longitudinal connectivity. The
combined effects of declining flow due to flow regulation and
water withdrawals, as well as lower transport capacity due to
lower channel gradients, exacerbate deposition of fire-related
sediment loads in the lower reaches of the mainstem Poudre
River, especially in backwaters and secondary channels, and
create greater embeddedness in the mainstem thalweg rel-
ative to the mountain portion of the river (Katz et al. 2026).
This loss of habitat has contributed to declines in native fish

species diversity, distribution, and abundance since the 1990s
(Haworth and Bestgen 2024).

Post-fire resilience assessments in the prairie portion of the
Poudre River could focus on changes in channel cross-sectional
geometry and bed substrate, especially in reaches that contain
potentially sensitive infrastructure (e.g., irrigation headgates)
and fish habitat. These assessments could include mainstem
bed grain-size distribution, channel width/depth ratio, channel
planform heterogeneity, and lateral connectivity within the river
corridor. Given the lack of snowmelt peak flows of historically
occurring magnitudes, which might at least flush fine sediment
from spawning gravels, the fire-related changes in sedimenta-
tion in the prairie portion of the mainstem river are likely to
persist for decades, but resilience monitoring at intervals longer
than a single year could be used to check this assumption.

7 | Discussion

There are at least two reasons to assess post-wildfire geomor-
phic resilience in a catchment or river corridor—for basic un-
derstanding of disturbance and response in the system, and to
assess whether specific management responses such as upland
mulching or addition of structures (e.g., engineered logjams) to
the river corridor are desirable. Although this paper examines
components of the catchment and river corridor that can be used
to assess resilience following wildfire, it is important to note that
some situations do not require any monitoring because wildfire
has minimal geomorphic effects. Examples include grasslands,
low-relief catchments, and low intensity fires. Each of these
situations may not result in substantially increased water and
sediment yields to river corridors following wildfire (Bonell and
Williams 1987; Wohl 2025). In addition, the magnitude of post-
fire change that might be of concern and warrant monitoring
depends on whether the change in water and sediment dynam-
ics and thus processes, forms, and functions in the river corridor
necessitate a management response.

A lack of resilience is not inherently bad. Dryland channels are
sometimes most accurately characterized as disequilibrium sys-
tems that change substantially in response to disturbance and
maintain the new configuration for decades to centuries, as in
channels of the semiarid steppe that change abruptly during
large floods from sinuous, single channels lined with wood-
land to unvegetated, braided river corridors (Friedman and
Lee 2002). Management actions designed to increase resilience
in these river corridors may be of limited use unless they are
mitigating previous human alterations that have made the river
corridor even less resilient to disturbance.

Conversely, resilience is not inherently good, as when a river
corridor returns to an undesirable state following disturbance.
Examples come from semiarid river corridors with dense ri-
parian vegetation because of past human actions. Some dry-
land river corridors have dense exotic woody vegetation, such
as Tamarix spp. and Elaeagnus angustifolia in the western
United States, that have facilitated substantial narrowing and
simplification of the active channel over a period of decades
(Graf 1978; Jaeger and Wohl 2011). Native riparian species that
have grown densely across the floodplain in response to flow
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regulation can similarly constrict and simplify the active chan-
nel (Williams 1978; Nadler and Schumm 1981). In each scenario,
the change in river corridor form can severely restrict habitat for
diverse native species from fishes to birds (NRC 2004). A quick
return to this densely vegetated state of the floodplain after dis-
turbance, although indicating resilience, may be undesirable in
these river corridors.

Resilience is beneficial if it maintains desirable characteris-
tics and services provided by the river corridor, such as flood
attenuation, nutrient uptake, sediment retention, or habitat.
Characteristics considered to be desirable, however, may vary
substantially between individuals or groups of people and spe-
cific contexts. Spatial heterogeneity in headwater river corri-
dors can attenuate downstream fluxes and enhance resilience
to post-fire floods in downstream portions of a river network
(Wohl et al. 2022, 2025), for example, but property owners of
headwater river corridors may view attenuation associated
with beaver ponds as an undesirable feature (Jonker et al. 2006;
Morzillo and Needham 2015).

Resilience has commonly been assessed with respect to either the
natural or historical range of variability (Morgan et al. 1994; Seidl
et al. 2016) but changing climate may alter or negate the ability
of catchments and river corridors to return to past system states.
Ecologists describe novel ecosystems (Hobbs et al. 2009) and the
need to define reference points that trigger management action
(Sambhouri et al. 2010), although the latter concept is controversial
(Johnson 2013). Ongoing rapid changes in natural systems sug-
gest that an Anthropocene baseline defined in terms of human
needs—which can include preservation of native species—may
be a particularly useful basis on which to assess resilience.

7.1 | Prioritizing Geomorphic Monitoring Before
and After a Wildfire

Based on the considerations discussed in previous sections, we
propose a generalized approach that can assist in prioritizing
monitoring of individual catchments or subcatchments following

wildfire (Figure 7). In the immediate aftermath of wildfire, pri-
orities for monitoring and mitigation tend to emphasize pro-
tection of life and property. Having pre-fire data on the spatial
distribution of upland and river corridor characteristics that in-
fluence post-fire geomorphic adjustments can assist with these
efforts and inform prioritization of post-fire monitoring efforts.

We suggest that relevant pre-fire data for uplands include spa-
tially explicit representations of vegetation communities, soil
characteristics, water and sediment connectivity, and bedrock
lithology. Vegetation maps can assist in identifying areas where
vegetation is likely to regrow relatively rapidly after fire (e.g.,
grasses) or where fire-destruction of canopy cover may most
strongly alter snowpack and rainfall-runoff processes. Soils
maps that include hydrologic parameters such as hydrophobic-
ity, vertical hydraulic conductivity, and sorptivity can highlight
areas that may be especially susceptible to post-fire increases
in water and sediment yields (Moody et al. 2009). Metrics of
water and sediment connectivity can indicate portions of the
catchment likely to transmit post-fire increases in water and
sediment yield down to river corridors (e.g., Cavalli et al. 2013;
Shore et al. 2013) and these metrics should explicitly include the
presence of infrastructure such as unpaved roads that can sub-
stantially influence downslope water and sediment yields (e.g.,
Jing et al. 2022) or any roadway embankment that can pond
water and sediment in valley floors. Bedrock lithologies can be
categorized as those likely to produce abundant sand-size and
finer sediment and calcareous versus non-calcareous lithologies
(Wohl et al. 2007). Abundant fine sediment can adversely im-
pact channel stability, aquatic habitat abundance and stability,
and drinking-water supplies (e.g., Benda et al. 2003; Emelko
et al. 2011; Ward et al. 2022). Calcareous rocks produce biolog-
ically reactive solutes that can support greater abundance and
diversity of stream organisms (Allan et al. 2021). The presence
of these rocks can signal highly productive stream waters that
might be prioritized for mitigation and monitoring if there is
concern for at-risk aquatic species.

Relevant pre-fire data for the river network include reach-scale
gradient, flow regime types, river corridor connectivity, and

Develop spatially explicit representations within catchments of concern, including
uplands vegetation
soils
Pre-fire water & sediment connectivity (incl. infrastructure)
data categorical bedrock lithology
river network
reach-scale gradient
categorical flow regime
river corridor 3D connectivity (incl. infrastructure)
aquatic & riparian habitat
Combine spatially explicit pre-fire data with post-fire data such as dNBR
i Choose & rank variables of interest & potential underlying controls
POS.t-flfe Identify the details for monitoring
monitoring (i) spatial extent & duration

(ii) spatial & temporal resolution
(iii) technologies available
Revisit these choices with time after fire based on observed responses
& potential gaps in monitoring

FIGURE 7 | Suggested approach to using pre- and post-fire data for prioritizing monitoring and mitigation after wildfire. [Color figure can be

viewed at wileyonlinelibrary.com]
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aquatic and riparian habitat. Reach-scale stream gradient in
high- to moderate-relief terrain typically reflects underlying
bedrock erosional resistance and geologic history. Gradient
can be regarded as a master variable that correlates with mul-
tiple variables including channel morphology, grain-size dis-
tribution, lateral confinement, potential influence of debris
flows, and transport vs. response river segments (Montgomery
and Buffington 1997; Wohl and Merritt 2005; Buffington and
Tonina 2009). Categorical flow regime reflects differences in
magnitude, duration, frequency, and flashiness of stream flow
that strongly influence the geomorphic responses of river corri-
dors after fire. In mountainous regions of the western US, for ex-
ample, distinguishing portions of the river network dominated
by snowmelt flow and those dominated by rainfall-runoff can
inform understanding of potential river corridor resilience after
fire. Metrics or relative ranking of each of the three primary di-
mensions of longitudinal, lateral, and vertical connectivity can
indicate portions of the river network likely to transmit post-
fire increases in water and sediment efficiently downstream,
portions of the network likely to create at least transient stor-
age for water and sediment, and portions of the network likely
to transform excess nutrients such as nitrate via hyporheic ex-
change flows. These can be based on a range of river network
variables, including catchment- to reach-scale characteristics
such as spatial heterogeneity and accommodation space on
the valley floor for transient storage (e.g., Triantafillou and
Wohl 2024). Evaluation of connectivity must include diverse
forms of infrastructure such as culverts, flow regulation, or road
embankments that currently limit connectivity or that might
do so following wildfire (e.g., Neville et al. 2009; Blanton and
Marcus 2014; Wohl et al. 2017). Spatially explicit data on basic
aspects (abundance or quality) of habitat for specific organisms
or communities can help to identify portions of the river net-
work to prioritize for post-fire monitoring or mitigation if these
areas are rare or either particularly sensitive or resistant (and
thus providing refugia) to fire-related changes (e.g., Whitney
et al. 2016). Many of these suggested pre-fire datasets overlap or
reinforce each other. Spatially explicit data on vegetation, soils,
and bedrock lithology can inform inferences about water and
sediment connectivity, for example, and help to identify portions
of a catchment that are likely to be most susceptible to post-fire
changes. Reach-scale gradient, flow regime, and 3D connec-
tivity interact to govern the magnitude and speed of post-fire
changes in the river corridor.

Spatially explicit pre-fire data can be combined with fire-related
spatially explicit data such as the differenced normalized burn
ratio (ANBR; French et al. 2008) to identify portions of a catch-
ment most likely to experience substantial geomorphic response
to wildfire. Examples focused on a specific process include post-
fire debris flows and debris floods (Kern et al. 2017; Sturzenegger
et al. 2021), flash floods (Sutanto et al. 2024), and snow ava-
lanches (Yariyan et al. 2022). Local to regional governmental
agencies may also maintain hazard maps that can be used to
prioritize monitoring and mitigation after wildfire. Following
the 2020 wildfires in north-central Colorado, for example, steep
gradient tributaries that had previously exhibited pre-fire hy-
drologic responses to short duration, intense convective rainfall
were commonly observed to exhibit some of the more significant
increases in post-wildfire flows of sediment, woody material,
and ash in the first few years after the fires. Easily identifiable

physical characteristics of the landscape such as alluvial fans
at tributary confluences had been identified as creating risks
to property and infrastructure before the fire, as indicated on
hazard maps created by Colorado Geological Survey. Some of
these sites experienced debris flows and flash floods following
the 2020 wildfires.

8 | Conclusions

Geomorphic resilience of a river corridor or river network fol-
lowing wildfire reflects upland and upstream components as
well as components within the river corridor itself. A large
number of components can be measured to assess resilience.
Choices of which components to measure, as well as their spa-
tial and temporal resolutions, will reflect priorities and con-
cerns as well as resources available for ongoing monitoring
programs. We have suggested use of a multi-component resil-
ience index based on (i) available information on pre-fire condi-
tions, (ii) choosing and ranking response variables of interest,
(iii) identifying the spatial extent and duration and the spatial
and temporal resolution and technology that are available for
measuring response variables, and (iv) revisiting choices for
monitoring strategy after the initial runoff season. Assessment
of geomorphic resilience in rivers after wildfire should also
consider the specific context with respect to ongoing climate
change and human alterations and whether even relatively re-
cent pre-fire conditions provide an appropriate baseline against
which to assess resilience.

Data Availability Statement

Data sharing not applicable to this article as no datasets were generated
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