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Sediment recovery following disturbances is a measure of the time required to attain pre-disturbance sediment
fluxes. Insight into the controls on recovery processes and pathways builds understanding of geomorphic
resilience.We assess post-disturbance sediment recovery in three small (1.5–100 km2), largely unalteredwater-
sheds within the northern Colorado RockyMountains affected bywildfires, floods, and debris flows. Disturbance
regimes span 102 (floods, debris flows) to 103 years (wildfires). For all case studies, event sediment recovery
followed a nonlinear pattern: initial high sediment flux during single precipitation events or high annual snow-
melt runoff followed by decreasing sediment fluxes over time. Disturbance interactions were evaluated after a
high-severity fire within the South Fork Cache la Poudre basin was followed by an extreme flood one year
post-fire. This compound disturbance hastened suspended sediment recovery to pre-fire concentrations
3 years after the fire. Wildfires over the last 1900 YBP in the South Fork basin indicate fire recurrence intervals
of ~600 years. Debris flows within the upper Colorado River basin over the last two centuries have shifted the
baseline of sediment recovery caused by anthropogenic activities that increased debris flow frequency. An ex-
treme flood on North St. Vrain Creek with an impounding reservoir resulted in extreme sedimentation that led
to a physical state change. We introduce an index of resilience as sediment recovery/disturbance recurrence inter-
val, providing a relative comparison between sites. Sediment recovery and channel form resilience may be in-
versely related because of high or low physical complexity in streams. We propose management guidelines to
enhance geomorphic resilience by promoting natural processes that maintain physical complexity. Finally, sedi-
ment connectivity within watersheds is an additional factor to consider when establishing restoration treatment
priorities.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Assessing watershed response and recovery to extreme events pro-
vides insight into landscape resilience, a concept that has gainedmuch in-
terest as human activities continue to fundamentally alter Earth's surface
(Hooke, 2000; Sanderson et al., 2002; Hooke et al., 2012). The predicted
increase in extreme events (disturbances) accompanying climate change
(Coumou and Rahmstorf, 2012) is anticipated to alter the resilience of
geomorphic systems and their ability to recover after disturbance. A
working definition of disturbance is any force that tends tomove a system
far froma given equilibriumor steady state (Tabacchi et al., 2009). Distur-
bances to rivers may include large hydrological events that promote the
erosion, transport, and deposition of large amounts of sediment or distur-
bances that directly affect vegetation, such as wildfire, insect/pathogen
outbreak, or drought-related dieoff that reduces hillslope stability, lowers
substrate cohesiveness, and increases sediment loads (Corenblit et al.,
2007). Of particular concern are disturbances that enhance sediment
burn).
delivery from hillslopes to channels because of the effects of increased
sedimentation on aquatic ecosystems (Newcombe and Macdonald,
2011), channel and floodplain morphology and hence flooding, water re-
source management including water quality (Moody and Martin, 2009),
and reservoir storage (Rathburn et al., 2017). In fluvial systems, resilience
refers to the ability to tolerate or absorb perturbations without changing
to a qualitatively different state that is controlled by a different set of pro-
cesses (Brierley and Fryirs, 2005; Tabacchi et al., 2009). As an example, a
resilient river recovers channel geometry and sediment fluxes following a
large flood and in a broader context reflects the persistence of a river eco-
system and its ability to return to pre-disturbance conditions (Webster
et al., 1975; Corenblit et al., 2009). Resilience is based on how fast a sys-
tem returns to its equilibrium state after a disturbance (Holling, 1996),
or the recovery time (sometimes referred to as relaxation time).

Gaps exist in our understanding of response to disturbances because
of limited temporal and spatial extent of data. As such, we often misun-
derstand the dominant processes of recovery. Assessing the historical
range of variability (HRV) of systems (Wohl and Rathburn, 2013) ex-
pands the temporal scale of disturbance recovery analysis. Coupling
HRV and contemporary process measurements of recovery trajectories
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from a variety of disturbances, along with recurrence intervals of the
disturbance, gives a broad understanding of recovery. Here we focus
on post-disturbance sediment fluxes following fires, floods, and debris
flows to quantify the sediment component of recovery. This is defined
as the time required to achieve pre-disturbance sediment magnitudes
within fluvial systems, as well as understanding the complex pathways
of recovery.We examine the geomorphic response and sediment recov-
ery of three small watersheds (1.5–100 km2) to varying disturbances
(fire, flood, and anthropogenically induced debris flow) in the southern
part of the RockyMountains in Colorado. In all cases,whilewe recognize
response to disturbances is highly context specific and spatially and
temporally contingent, our data augments existing studies on site-
specific types of disturbance recovery. This has application to other
catchments where comparable geomorphic conditions and process do-
mains occur (Montgomery, 1999;Wohl, 2010). Our approach is also ap-
plicable to other systems to determine whether a set of processes and
responses are part of the expected behavior of a river or whether the re-
sponse is anomalous. In all three basins examined, one ormore extreme
events altered runoff and abruptly increased sediment supply to chan-
nels either as a single input of excess sediment (debris flow), or as a
widespread sediment supply perturbation (wildfire or high magnitude
rainfall event).We evaluated post-disturbance sediment flux (sediment
mass per unit time or per storm) to assess recovery. Recovery time
frames span 100–103 years, allowing different pathways of response
and recovery to be identified. While the focus is on sediment recovery
following disturbances, we also address the spatial and historical varia-
tions in sediment supply as influenced by antecedent conditions and the
sequencing of events. We note that geomorphic response to various
disturbances may be recovery to pre-disturbance conditions or not
(disturbance pushed the system beyond the capacity to return to base-
line), and recovery may manifest as response toward a suite of states,
rather than one target endpoint (Phillips and Van Dyke, 2016). Finally,
we provide recommendations on how to promote geomorphic resil-
ience in a management context.

2. Background and objectives

2.1. Landscape sensitivity

To fully understand the geomorphic context of resilience, tracing the
roots and usage of related terms is necessary. Ecological disturbance
theory spurred inquiry into landscape sensitivity, and landscape sensitiv-
ity is another way to assess landscape resilience and resistance (ability to
resist changes in form and process caused by external factors; Webster
et al., 1975). Like resilience and resistance, landscape sensitivity to dis-
turbance has historical use in the ecological literature (Phillips and
Van Dyke, 2016; Westman, 1978). Brunsden and Thornes (1979) pro-
vided a thorough analysis of landscape sensitivity through the contrast
of constant process-characteristic form and the transient behavior of a
system in response to a few large events that may produce substantial,
long-lived landscape change. Other work on sensitivity as summarized
by Tabacchi et al. (2009) included that by Schumm (1991) who defined
it as the propensity of a system to respond to a minor external change
and by Brunsden (2001) as the potential that changes in the controls
of a system or the forces applied to the systemwill produce a recogniz-
able and persistent response. Sensitivity can thus be considered a func-
tion of the spatial and temporal distributions of the resisting properties
(e.g., rock strength, resistance to weathering and erosion) and forces of
the disturbance (e.g., sediment load, high shear stress). Since the origi-
nal work by Brunsden and Thornes (1979), research into landscape sen-
sitivity has addressed soil erosion (Evans, 1993), the capacity of rivers to
absorb change (Downs and Gregory, 1993), hillslope and channel cou-
pling (Harvey, 2001), tectonic uplift (Snyder et al., 2000), and climate
and tectonism (D'Arcy and Whittaker, 2014), among many others.
Fryirs (2017) provided a recent, thorough review of river sensitivity
and advocates for using it as a guiding concept in river management.
Understanding the sensitivity of earthmaterials to internal and external
processes and the resulting landscape forms is of major research impor-
tance within the surface process community.

2.2. River resilience and connectivity

Evaluating resilience, according to Tabacchi et al. (2009), assumes
that a system exists near a single equilibrium condition and that it is
possible to quantify how far a system has moved from equilibrium
and the time required to return. As applied to river systems, similar as-
sumptions of equilibrium are reasonable. Furthermore, a resilient river
is able to adjust to and absorb perturbations, such that disturbances
do not impose a morphologic response. This ability is also referred to
as the system buffering capacity (Brierley and Fryirs, 2005). On highly
regulated systems, resilience has been indirectly addressed through en-
vironmental flows that support discharges and sediment transport to
maintain the physical channel (Ryan, 1997) or riparian vegetation
downstream from a dam (Rathburn et al., 2009).More commonly, resil-
ience studies address recovery following natural disturbances that en-
compass the trajectory of landform response over time, with full
recovery indicated by return to pre-disturbance conditions. Our empha-
sis is on sediment recovery following disturbance, defined as the time
required to attain background sediment yields, concentrations, or
rates and volumes of aggradation and degradation. We should note,
however, that pre-disturbance conditions are not the only indicator
of recovery and resilience, nor may it be possible to return to pre-
disturbance conditions, as in the case of a complete state shift or be-
cause of long-term climate change. In such situations, ensuring that flu-
vial processes maintain a desired channel form or that the system
maintains a functional position in the landscape is a more appropriate
goal. Even systems that undergo complete state changes may be
resilient, whereby resilience pertains to how the system will adjust
and change or its ‘coping capacity’ (Walker and Salt, 2012).

Because of the considerable spatial variation in landform parameters
that influence resilience, a number of metrics and indices have been de-
veloped to facilitate broader comparisons. Examples include measures
of the effectiveness of disturbances to form landscape features relative
to the rate of recovery (Wolman and Gerson, 1978); the persistence of
stored sediment indicated by the residence time, defined as storage
volume/annual transport rate (Dietrich and Dunne, 1978); the persis-
tence of landforms or the transient form ratio (Brunsden and Thornes,
1979); or channel forms of adjustment resulting from morphologic
and historical resilience to catastrophic flooding (Fryirs et al., 2015).
Brierley et al. (2005) suggested the sediment delivery ratio (portion of
hillslope derived-sediment that reaches the channel network) as amea-
sure of sediment connectivity in a basin, whichmakes it a useful metric
to assess resilience. Continued work on effectively capturing river
system resilience through useful metrics will improve understanding
and prediction of disturbance response on dynamic river systems
(Tabacchi et al., 2009).

Recent work identifies connectivity between different portions of
the landscape as an important driver of resilience (Poeppl et al.,
2017). Several forms of connectivity influence resiliency to different
degrees. Here, we are concerned primarily with sediment connectivity
that is the potential for sediment to move through geomorphic systems
(Hooke, 2003) or as the water-mediated transfer of sediment between
two landscape compartments (Fryirs, 2013) that can be assessedwithin
hillslopes, between hillslopes and channels, and along channels
(Harvey, 2002). It may also be considered as the likelihood for the ef-
fects of a disturbance to be propagated through a basin (Brierley et al.,
2005). Sediment connectivitymay exhibit a threshold response. Certain
disturbancesmay connect or switch on previously unconnected parts of
the basin (Fryirs et al., 2007), but high connectivity results in greater
fluxes of sediment downstream (Cavalli et al., 2013). Post-disturbance
sediment yields cannot be assumed to be delivered to downstream
targets because of lateral (hillslope-channel; channel-floodplain) and
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longitudinal (channel-tributary fan) storage and impediments to trans-
port. Some argue that geomorphic systems with low connectivity are
more resilient to disturbance, as the propagation of the effects of change
is limited (Poeppl et al., 2017). This may apply only to systems with
naturally low connectivity rather than artificial or anthropogenic con-
straints or barriers imparting the low connectivity. Low connectivity
from nonnatural alterations may reduce resilience, particularly if
the propagation of the disturbance through the basin is required to
attenuate it.

2.3. Objectives

We combine new research and review of existing literature to
address the questions: (i) What are the characteristics of watershed
responses to disturbances? (ii) What are the dominant site-specific
controls on response? (iii) With respect to case studies, what is the
relative post-disturbance recovery within and between systems? and
(iv) What metrics of recovery indicate channel form and process
resilience? A final question is: 5) How can we foster watershed
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Fig. 1. Study watersheds in northern Colorado where sediment disturbances occurred between
Fork Cache la Poudre basin was affected by the 2012 High Park fire and the 2013 Front Rang
Colorado River received debris flow deposition from a breach in Grand Ditch in 2003. A 15-km
2013 flood-related sediment erosion and deposition was particularly high. Evidence of that de
the reservoir. Oblique Google Earth view is upstream on all images.
resilience through resource management activities, decisions, and
policy?While all of the posed questions are timely, the last question un-
derscores the applied importance of understanding post-disturbance
recovery and resilience and of the growing interest and effort in directly
manipulating restoration approaches to enhance resilience (Smith et al.,
2000; Lake et al., 2007).

Although the spatial scales of disturbance differ widely in the
presented examples, important patterns still emerge related to the tem-
poral recovery of sediment fluxes from a representative suite of distur-
bances. We assess patterns of response such that comparisons may be
broadly informative. From the examples of sediment recovery, we
scale up to discuss channel form resilience and, where possible, process
resilience to inform overall system resilience.

3. Post-disturbance recovery case studies

Sediment recovery was assessed in three small watersheds (1.5–
100 km2) in north-central Colorado (Fig. 1) following disturbances
over different time scales of disturbance and recovery ranging from
2016
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2003 and 2013. A mulched (M) and partially mulched (PM) watershed within the South
e flood. The white dots on the Google Earth image are locations of rain gages. The upper

study reach upstream from Ralph Price Reservoir along North St. Vrain Creek is where
position (as light colored sediment) is captured in the Google Earth image at the inlet of
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100 to 103 years. The disturbances include a natural wildfire at one site
in 2012 (the primary case study site), extreme precipitation that trig-
gered flooding at that site and at a second site in 2013, and an anthropo-
genically induced debris flow at the third site in 2003. At one site, we
present newdata on fire recurrence intervals to aid the evaluation of re-
covery relative to the return period of disturbance. Where background
sediment loads, concentrations, and sediment deposition and aggrada-
tion volumes are known, we use those measures to assess recovery. In
other cases, we use HRV to compare channel bedforms (step character-
istics) and geometry (width:depth) from reference reaches to inform
the degree of recovery.

The case study watersheds lie within montane (1830–2740 m) or
subalpine forests (2740–3400 m) of the Colorado Rocky Mountains
(Veblen and Donnegan, 2005) (Table 1). This region is prone to higher
frequencywildfires (Veblen andDonnegan, 2005) and associated debris
flows and tributary flash floods, as well as to infrequent but high-
magnitude rainfall-generated flash floods. Mean annual precipitation
varies from 330 to 1350 mm. The majority of precipitation falls as
snow, but intense rainfall from convective storms at elevations below
~2300 m can occur (Jarrett, 1990). Fire regime in the upper montane
zone is characterized by variable severity and is capable of supporting
stand-replacing crown fires and surface fires, creating variable tree spe-
cies and cohort ages.Within themontane zone, elevation is the primary
predictor of fire regime (Veblen et al., 2012).

All of the case studies are located within either national forest lands
or a national park where human influences are nominal, including
minimal post-disturbance sediment mitigation, with one exception.
Post-fire treatment of hillslopes occurred at one site to mitigate sedi-
ment delivery to streams. In this case, a burned but largely untreated
control watershed was used to assess recovery. Two of the study sites
are on national forest lands that are currently unmanaged forest with
historic timber harvesting and cattle grazing. The study site in the na-
tional park was a short-lived mining camp (1879–1884) where logging
also occurred. Today, flow regulation in the form of a transbasin diver-
sion is themain anthropogenic activity. The three sites provide perspec-
tive on the different temporal responses of low order, steep gradient
mountain rivers and the recovery patterns without substantial human
influence. Additionally, successive disturbances at one site (2012 fire
Table 1
Summary characteristics of example watersheds and sediment recovery and resilience, northe

Characteristic South Fork Cache la Poudre Uppe

Drainage area (km2) 1.5–3.3 29
Elevation range (m) 2340–3030 2700
Disturbance 2012 High Park Fire, 2013 flood 2003
Disturbance regime time frame (year) 103 102

Recovery time frame (year) 100 102–
Disturbance response Channel incision, headcutting and

widening; avulsions; fan deposition; high
suspended sediment concentration

Chan
aggra
subs
chan

Sediment recovery metrica Pre- and post-suspended sediment
concentrations

Sedi
chan
aggr

First order controlsb Precipitation, valley morphology
(slope, confinement), particle size,
vegetation, time since disturbance

Disch

Second order controls Compound disturbance Sedi
Sediment recovery 3 years post fire Ongo
Relative sediment resiliencec High (3 year/600 year RI) Mod
Relative form resilience Moderate (due to lack of vegetation

recovery; incised perennial channels)
High
spati

References This paper; Shahverdian (2015) Grim
Rath

a For all sites, sediment recovery assessed through form and process, with specific metrics l
b First and second order controls on the sediment response to the disturbance, or what cont
c Determined as sediment recovery/disturbance recurrence interval (RI); b1 rapid recovery rel

resilience.
d Another debris flow occurred on a tributary of the upper Colorado River after this paper w

conditions.
followed by 2013 flood) provide data on the inheritance mechanisms
(Tabacchi et al., 2009) and preconditioning of the landscape (onedistur-
bance influences response to the next disturbance), allowing us to as-
sess the spatial-temporal overlap of response. Because many climate-
related disturbances often occur simultaneously or in rapid succession,
antecedent geomorphic and/or land use conditions may exert a strong
influence on the resilience of geomorphic systems to copewith individ-
ual extreme events (Naylor et al., 2017). Even more moderate events
can be amplified by antecedent geomorphic and land use conditions.
We adopt the term compound disturbance (Buma, 2015) to describe
the effects of interacting disturbances that alter the recovery timeor tra-
jectory. Ecosystems already disturbed are likely to be less resilient
(Holling, 1973), althoughwhether compound disturbances play out dif-
ferently on sediment recovery is still to be addressed. Compounddistur-
bances may serve as a positive feedback to augment recovery or as an
impediment whereby a succession of disturbances accentuates sedi-
ment fluxes moving recovery further from background levels.

3.1. Primary case study: fire and flood− South Fork Cache la Poudre basin

The High Park fire burned 35,000 ha (350 km2) of forested moun-
tains in early summer 2012 within the semiarid Colorado Front Range
(Fig. 1). Approximately 7% of the total burn area was severely burned
and 40% was moderately burned (BAER, 2012), whereas in the study
watersheds 75–80% of the area was severely burned (Table 1;
Shahverdian, 2015). Stakeholders expressed concerns over excessive
sediment entering the main stem Cache la Poudre River, the drinking
water supply for approximately half a million people, as a result of ero-
sion within the South Fork Cache la Poudre basin. Interest in applying
post-fire treatments to mitigate sediment erosion and to identify post-
fire mechanistic controls on sediment delivery to channels further mo-
tivated this study (Shahverdian, 2015). The aerial application of agricul-
tural straw and wood straws was selected as the quickest way to treat
the steep, severely burned hillslopes of the High Park fire burn area
(Miller et al., 2017). Two adjacent watersheds with similar characteris-
tics that drain directly to the South Fork Cache la Poudre River (SFR for
South Fork River) were instrumented for this research (Table 2; Fig. 1).
One was treated by aerial spreading of straw mulch over a substantial
rn Colorado.

r Colorado River North St. Vrain Creek

100
–2940 1950–2350
anthropogenic debris flow 2013 flood

102

103 100

nel incision and widening; avulsions;
dation in debris fan; logjams;
equent remobilization and redeposition;
nel avulsions at footbridges

Landslides, channel incision, widening, bank
failure, aggradation; delta progradation;
logjams

ment transport/fan erosion; HRV
nel geometry and wetland
adation

New baseline − change in system state;
sediment transport and valley bottom
morphology

arge, valley morphology, particle size Discharge, valley morphology, reservoir
impoundment

ment supply; earlier debris flows Not applicable
ing Ongoing
erate (14 year/8 year RI) Low (minimal recovery/200 year RI)
(due to vegetation recovery and
al complexity)d

Low (due to state change, confinement,
short relaxation time)

sley et al., 2016
burn et al., 2013; Rubin et al., 2012

Rathburn et al., 2017; Wohl et al., 2004, 2017

isted.
rols the disturbance response.
ative to disturbance RI thus high resilience; N1 slow recovery relative to RI thus low

as submitted. The relative form resilience should be downgraded because of the new site



Table 2
Characteristics of paired watersheds within the South Fork Cache la Poudre River (SFR) basin evaluated for post-fire sediment yields.

Watershed
characteristic

Mulched watershed Partially mulched watershed

Overall burn severity High Moderate
Moderate (km2) 0.24 (15%) 0.45 (14%)
Severea (km2) 1.18 (76%) 2.64 (79%)

Drainage area (km2) 1.55 3.30
Aspect North North
Lithologyb Precambrian granite, quartz monzonite, schist, gneiss Precambrian granite, quartz monzonite, schist, gneiss
Elevation range (m) 2390–2860 (upper montane/subalpine) 2340–3030 (upper montane/subalpine)
Reach slope range 0.07–0.25 0.07–0.32
Precipitationc (mm) 450–625 450–625
Treatment Full aerial straw mulch/wood straws Partial application aerial straw mulch
Ground cover (%) July 2013 28 30
Ground cover (%) July 2014 47 57
Confluence connectivity Moderate – unconfined valley with floodplain High – confined valley no floodplain

a Severely burned zones are distinguished by duff and litter layers of the forest soil that were completely consumed with only standing dead trees remaining.
b Braddock and LaFountain (1988); Nesse and Braddock (1989).
c Average annual precipitation from Richer (2009).
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portion of the watershed area, while the other was partially mulched in
the steep head waters but not in the area of direct analysis. Ephemeral
and perennial portions of the watersheds were monitored for erosion
and depositional patterns (Fig. 2) alongwith suspended sediment deliv-
ery to themain SFR at themouth of each tributary. Subsequently, in Sep-
tember 2013 (year 1 post-fire), a N200-year storm delivered up to
350 mm of rain in a 4-day period over large portions of the Colorado
Front Range (Gochis et al., 2015), causing widespread flooding, damage
to homes and infrastructure, and loss of life. Between 155 and 170 mm
of rain fell in the study watersheds of the SFR over the duration of the
storm. Fieldwork in 2014, during year 2 post-fire, incorporated the
dual disturbance effects on the study watersheds. The reader is referred
to Shahverdian (2015) for a detailed literature review of the effects of
fire onwatershed hydrology and channel network change, aswell as de-
tailed methods and analyses.

3.1.1. Ephemeral channel response
Localized, short-duration summer rainstorms were the dominant

driver of post-burn sediment transport in the burned area. Some
of the highest precipitation was received in July 2012 that helped to
extinguish the fire, but it occurred prior to field site access in 2013.
One of the largest recorded storms measured (16 mm) in a rain gage
500 m from our fully mulched watershed (E. Berryman, unpubl. data)
(Fig. 3) also occurred prior to field instrumentation in 2013 (Table 1;
Fig. 3). Eight storms in 2013 exceeded the 10 mm h−1 maximum
Fig. 2. Ephemeral (left on 11 Sep 2013) and perennial (right on 9 Jul 2014) channels within p
ephemeral channel is within the mulched watershed (M in Fig. 1 at downstream rain gage),
rain gage) and served as the control watershed. Field instrumentation in both basins in 201
channels, scour chains installed in the bed of first order ephemeral cross sections, and an au
both on the main stem South Fork River. In 2014, additional channel cross sections were esta
(Left photo courtesy of M. Dixon.)
intensity 30-minute storm (I30) or 8 mm rainfall depth thresholds
(Fig. 3) that have been found to be important for generating substantial
overland flow and soil erosion in other watersheds burned in the same
fire (Schmeer, 2014; Kampf et al., 2016). In 2014, two storms (12 July
and 29 July 2014) exceeded thresholds, and both produced bed incision
measured by scour chains. Precipitation was not measured in 2015
within the small paired watersheds, but it was measured on the main
stem South Fork River ~2 and 4 km upstream from the mouth of the
mulched and partially mulched watershed respectively. Data from
that site indicates that three storms received in both watersheds were
above this threshold.

Sediment transport within ephemeral channels occurred in pulses,
with erosion of previously deposited sediment occurring during the
rising limb and deposition on the falling limb of each rainstorm
hydrograph. While erosion and subsequent deposition masked any net
channel cross section changes, release of links on multiple scour chains
indicated that scour and fill was occurring during the storms (Fig. 4).
Sediment transport caused by excess overland flow was the dominant
process of sediment entrainment and delivery to the channels, with
downstream transport in the channels being a function of available
transport capacity. The episodic transport during storms generated
pulses of sediment that were moved downstream depending on the
available storm-dependent transport capacity. Overall, I30 determined
the direction of ephemeral channel change, whereby higher intensity
rain events resulted in net aggradation and lower intensity events net
aired watersheds that were burned in the 2012 High Park fire in northern Colorado. The
and the perennial channel is within the partially mulched (PM in Fig. 1 at downstream
3 included two rain gages, three monumented channel cross sections along ephemeral
tomatic suspended sediment sampler and turbidity meter installed at the confluence of
blished within the perennial reaches of both watersheds and outfitted with scour chains.
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degradation. Small spatial scale ephemeral channels become transport
limited during high intensity storms. Low intensity storms were supply
limited.

Coarse particle (N0.6–64mm) sediment yields within the ephemer-
al channels calculated from scour chain data indicate that the mulched
watershed had lower sediment yields for higher I30 early in 2013 than
the partiallymulched (PM)watershed (Fig. 4), but that pattern changed
by the third storm in 2013. Measured sediment yields were greatest in
themulchedwatershed in 2014 after the largest I30 during the study pe-
riod was recorded; a value that exceeded the September 2013 yield
(Fig. 4). There is no comparable 2014 data for the PM watershed be-
cause the scour chains were eroded out by channel erosion. Channels
in the mulched and partially mulched watersheds acted to store and
transport hillslope sediment on an event basis. The ephemeral channels
themselves did not appear to be post-fire and flood sediment sources.

3.1.2. Perennial channel response
Our first field observations in October 2012 indicated that ~1 m of

incision occurred during rainstorms immediately following the fire, so
downstream perennial channels were in a state of incision prior to
field instrumentation. Debris flows and hyperconcentrated flows were
observed in nearby burned tributaries with private inholdings, and the
channels were incised there as well. Therefore, channel incision in the
study watersheds is thought to have occurred during the same post-
fire storms. Normally ephemeral channels were flowing perennially in
October 2012, presumably because of the increased base flow associat-
ed with increased infiltration-excess flow and reduced evapotranspira-
tion normally shed from living vegetation. Small, localized changes in
channel form were observed during rainstorms in 2013 (but not mea-
sured until 2014). The September 2013 flood, however, caused up to
0.5 m of vertical incision in addition to channel avulsions, coarsening
of the channel bed, andbank collapsewith tree fall. These deeply incised
channels with over-steepened banks and exposed root systems were
evident throughout the High Park fire burn area in the South Fork
basin after the 2013 flood. In 2014, up to 10 cm of maximum incision
and 4 cm of aggradation occurred in the perennial channels based on
Date (m
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Fig. 3.Rainfall in 2013 as amaximum intensity 30-minute storm (I30) and rainfall depth formulc
thefield site to install instrumentationwas not possible until June 2013. The 2013 September st
Range. * indicates rainstorm totals measured prior to field instrumentation (E. Berryman unp
associated scour chain-derived sediment yields. Dashed lines are thresholds associated with e
depth in 2014 (not shown) produced just two storms (12 and 29 Jul 2014) that exceeded the
scour chain measurements as a result of two July 2014 storms that
exceeded the thresholds for erosion.

3.1.3. Watershed-scale response
Suspended sediment concentrations measured at the mouth of the

mulched and partially mulched watersheds on the South Fork River
were used to assess contributions from tributaries with differing post-
fire treatments and to evaluate response over time. Suspended sedi-
ment concentrations (SSC) immediately following the fire in 2012
were ~30,000 mg L−1, based on samples collected along the main
stem Cache la Poudre River. Overall, the sediment recovery in the
study watersheds followed a nonlinear pattern with initial high sedi-
ment flux during single precipitation events followed by decreasing
sediment fluxes over time (Fig. 5). In 2013, year 1 post-fire, slightly
lower concentrations of suspended sediment emanated from the
mulched watershed relative to the partially mulched watershed, al-
though the differences are mostly not significant. In 2014, somewhat
lower suspended sediment production was again measured within the
mulched watershed in the two storms that exceeded the 10 mm h−1

threshold. By 2015, differences in SSC between the sites are difficult to
assess because rain gages in the paired watersheds were dismantled
and I30 data from the upstream site were used. One clear trend is evi-
dent however; between 2013 and 2015, SSC from both watersheds sys-
tematically declined and an increasingly higher I30 was required to
generate SSC levels approximating those observed in 2013 (Fig. 5).
While no pre-fire suspended sediment concentration data are available
for the SFR at the locations sampled during this study, values of SSC from
1989 and 1997 at a site ~4 km upstream are typically b50mg L−1, with
themaximumpre-disturbance concentrationmeasured at ~100mg L−1

(S. Ryan, unpublished data). A majority of the SSC values were at or
below this 100 mg L−1 background level by summer 2015, three years
after the fire.

In addition to increased suspended sediment yields after the fire,
coarse deposits of fire-derived sediment formed fans at the mouth of
several tributaries in the SFR. Fan sedimentation from six tributaries
was assessed for post-fire response within the larger South Fork basin
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and lost. (Photos courtesy of M. Dixon.)

67S.L. Rathburn et al. / Geomorphology 305 (2018) 61–75
(Fig. 6). Although the data set is small, the Spearman correlation coeffi-
cient (ρ = 0.83) indicates a positive monotonic correlation between
contributing area and fan volume. A p-value associated with the corre-
lation is not strictly significant (p-value = 0.06), but it is sufficient to
support a relationship; larger contributing areas produced greater fan
volumes, with the largest fan (3500 m3) deposited at the confluence
of Pendergrass Creek (drainage area 13 km2) and the SFR. Moreover,
presence of a fan and the degree of valley confinement also influences
sediment delivery downstream through connectivity. In some locations,
fan deposition decreased channel width of the SFR, forcing the creation
of upstream pools and altering sediment connectivity.
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watersheds tributary to the South Fork River. Maximum SSC in 1989 and 1997 (pre-fire bac
background levels by 3 years post-fire in the mulched and in the partially mulched watershe
storms during that year.
3.1.4. Fire history, Cache la Poudre watershed
New data on fire history within the large Cache la Poudre basin pro-

vides important insight into disturbance recurrence intervals. Whereas
infrequent, extensive, high-severity fires are natural in subalpine forests
(Sibold et al., 2006), the occurrence and extent of high-severity fires in
the montane zone prior to EuroAmerican settlement of the region
(~1850) is uncertain. Consequently, it is not clear if extensive, high-
severity burn patches from recent fires (e.g., Hayman, 2002, High Park
2012) are within the natural dynamics of fire in the montane zone or
a result of the impacts of fire suppression, climate change, or a combina-
tion of the two.
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Vertical incision of perennial channels in the SFR study watersheds
(uppermontane) during the September 2013 storms exposed two char-
coal layers separated by coarse sediment, indicating at least two fire-
flood sequences. Post-fire floods (fire-flood cycles) get preserved in
channel banks or within debris fan stratigraphy. Radiocarbon analysis
of the charcoal layers returned ages of ~1200 and 1900 YBP, with over-
lap of the 1200-year charcoalwith that from a basin 45 kmdownstream
(Cotrufo et al., 2016). These data indicate that fires of comparable sever-
ity and potential extent to the High Park fire occurred 1200 and
1900 YBP. When these earlier fire dates are combined with the 2012
High Park fire (three events in 1900 years), it suggests that extensive,
high-severity wildfires with the potential to create significant charcoal
layers have occurred approximately every 600 years (using the equa-
tion T = N / n, where T is the recurrence interval, N is the number of
years of record, and n is the number of events). Hillslope processes of
weathering, soil development, and vegetation reestablishment would
thus occur on shorter time scales in thesewatersheds. Although this ev-
idence cannot rule out the potential influences of fire suppression or cli-
mate change in shaping patterns of fire severity in the High Park burn
area, it does suggest that extensive, high-severity wildfires can occur
in this system and that the system does recover from such events.

3.2. Debris flows − upper Colorado River

In May 2003, a breach in an earthen water conveyance ditch in
Rocky Mountain National Park (Fig. 1) initiated a debris flow that
caused 36,000 m3 of aggradation in a fan at the mouth of a tributary of
the upper Colorado River (Rubin et al., 2012; Rathburn et al., 2013)
and up to 1 m of sand deposition in a wetland farther downstream. De-
tails are provided in these earlier publications, with the overall impacts
summarized here. Channel changes as a result of the debris flow include
a ten-fold increase in width along the main debris flow path down a
step-pool tributary, deposition of up to 2 m high unconsolidated debris
flow berms, mortality of ~20,000 trees along the debris flow path, and
transformation of single-thread to multithread channel reaches on the
upper Colorado main stem (Fig. 7). Nearly a decade of monitoring the
effects of thedebrisflowand the recovery of channel form and sediment
transport processes along the Colorado River indicate differential rates
of recovery between the tributaries and main channel (Rathburn et al.,
2013). No pre-disturbance sediment transport data were available, so
contemporary mean and maximum bedload transport rates were
applied to the depositional fan volume to determine fan persistence.
The estimates range from 30 to 190 years for full fan evacuation under
the current regulated flow regime. The historical range of variability
(HRV) of bedforms based on comparisons to appropriate reference
reaches indicate partial recovery of step-pool geometry in the debris-
flow-sluiced tributary (Rathburn et al., 2013). Bankfull channel geome-
try on the Colorado River, however, remains outside the HRV expected
for mountain pool-riffle channels. Downstream sediment flux, based
on bedload and suspended sediment sampling, was nonlinear over
time with increased bedload occurring during higher discharges but
also as other controls influenced sediment supply (e.g., blocking of foot-
bridges causing avulsion). The episodic nature of sediment transport in-
fluenced by flow regulation and transport-limited conditions with
respect to coarse sediment means that the form of the Colorado River
is not being maintained by processes within HRV (Rathburn et al.,
2013). Furthermore, over the last century, at least 19 debris flows
have occurred in the valley (11 originating on the west side, 8 on the
east), with four of the five largest in association with Grand Ditch
(Grimsley et al., 2016). The recurrence interval between debris flowdis-
turbances is too short (~8 years, based on a 93-year record with 11 an-
thropogenic debris flows) to allow channel geometry adjustments.

Over time the downstream reaches of the Colorado River continue to
undergo changes as a result of the dispersion and translation of sedi-
ment delivered from the debris flow fan. Flows with higher Froude
numbers and low sediment concentrations show dispersive transport,
whereas at lower Froude numbers finer bedload sediment transport
over a coarser bed facilitated translation (Rathburn et al., 2013), find-
ings similar to Lisle (2008). This continued downstream transport of
sediment is supported by differencing airborne LiDAR-derived DEMs
in 2004 and 2012 (Mangano, 2014). Growth of gravel bars at the head
of thewetland in an unconfined reach has continued, as has the ongoing
nature of sediment recovery (Table 1).

3.3. Flood− North St. Vrain Creek

The same long-duration storm in September 2013 that caused avul-
sion and incision in the SFR tributaries also generated widespread
flooding, erosion, and sedimentation in other Front Range watersheds.
The storm produced peak flows of over 280 m3/s, hundreds of land-
slides, and streamside erosion of N500,000 m3 of sediment along a 15-
km reach of North St. Vrain (NSV) Creek where total rainfall depths



Fig. 7.Upper Colorado River study site in RockyMountain National Park (top left photo; from Rathburn et al., 2013) looking upstream on 7 Sep 2003. Deposition of light colored sediment
resulted from theMay 2003 debris flow. The unvegetated area on the hillslope is Grand Ditch at the site of the ditch failure and the debris flow initiation. North St. Vrain Creek as it enters
Ralph Price Reservoir (top right) showing September 2013 flood deposition on 21 Mar 2014. Prior to the flood the entire inlet was reservoir backwater. View is downstream. The South
Fork mulched watershed on 2 Jul 2013 (lower left) and 17 Sep 2013 (lower right) that was burned in the 2012 High Park fire. Coarsening of the hillslopes occurred increasing hydraulic
roughness. View is downstream.
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were on the order of 350 mm (Rathburn et al., 2017). A detailed sedi-
ment budget based on pre- and post-flood LiDAR was developed to
track sediment from source to anthropogenic sink (water supply reser-
voir). The results indicate that initial flood-induced channel widening
within confined reaches of the NSV created storage for over 40% of the
total eroded sediment volumes. Ongoing sediment flux is controlled
by threshold water discharges sufficient to entrain and transport that
sediment downstream, with post-flood spring runoff in 2014 delivering
a flood-equivalent volume of sediment to the reservoir. No flow regula-
tion exists upstream from the reservoir, so all flows to the reach are
largely natural. In total, flood sediment deposition resulted in 2% loss
in reservoir storage capacity, with another 1% potential loss attributed
to remobilization of stored sediment within the catchment (Rathburn
et al., 2017).Weanticipate a nonlinear sediment response during subse-
quent years as stored sediment is evacuated by high snowmelt dis-
charges and transported downstream to the reservoir. Additional
research indicates that failure of flood-induced debris dams associated
with landslides and tributaries within the upstream reach likely in-
creased the erosion and channel widening and enhanced post-flood
sediment storage (Bennett et al., 2017). Episodic, transport-limited re-
lease of this sediment from mid- and lateral-channel gravel bars, from
behind large logjams, and from overbank areas in the few moderately
unconfined reaches within the study site is anticipated.

Sediment recovery of North St. Vrain Creek to the September 2013
floods is ongoing (Table 1). The ~300,000 m3 of sediment deposited in
the reservoir inlet that created an approach channel (Fig. 7) is an exam-
ple of a fundamental state change (Phillips and Van Dyke, 2016) im-
posed by the flood disturbance. A state space expansion event occurred
because the new state is something never experienced within the
timespan over which the reservoir has existed (Phillips and Van Dyke,
2016); a backwater inlet to the reservoir was transformed into an ap-
proach channel (Rathburn et al., 2017) because of the existence of the
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reservoir. That implies no return to initial conditions, but recovery of
sediment loads to a new state is possible. Human activities may prevent
systems from ever recovering resilience; sediment will continue to be
transported downstream, ending up in the reservoir for long-term de-
position over the life of the dam.

4. Discussion and management implications

Sediment disturbances within watersheds range from single point
source inputs to spatially extensive perturbations that increase the vol-
ume of sediment supplied to a stream network from colluvial and near-
channel sources. Evaluating recovery following disturbances through
sediment fluxes and the time required to return to background is an ap-
proach that integrates sediment delivery and transport throughout a
watershed. Brierley et al. (2005) posit that the capacity of a river system
to recover following disturbance may be enhanced in transport-limited
landscapes where sediments are readily available to be reworked.
Supply-limited landscapes, in contrast, may experience prolonged re-
covery because of the lack of geomorphic tools to carry out geomorphic
recovery. In the three study cases compared here, transport-limited
conditions prevailed, suggesting that recovery periods generally may
be more rapid. Modifying the transient form ratio (Brunsden and
Thornes, 1979) is a way to assess dimensionless relative sediment resil-
ience (Table 1) as the ratio of sediment recovery/disturbance recurrence
intervalwhere sediment recovery is time required to attain background
fluxes, and disturbance recurrence interval is the number of years in the
record divided by the number of events (Table 1). Ratios b 1 indicate
rapid recovery relative to the recurrence interval of disturbance and
therefore high resilience. Ratios N 1 imply long recovery times relative
to disturbance recurrence intervals and thus low resilience because
the system is in a state of ongoing recovery.

The system response to sediment influxes within the three study
sites can be summarized in conceptual models as response curves that
depict the time and potential for full recovery (Fig. 8). Additionally,
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Fig. 8. Conceptual sediment recovery curves for the South Fork Cache la Poudre River,
upper Colorado River (modified from Rathburn et al., 2013), and North St. Vrain Creek,
northern Colorado. Relative sediment flux refers to discharge (mass per unit time) of
sediment transported downstream following a disturbance. Sediment flux begins at
conditions that existed prior to the disturbance. For the Colorado River, the short
horizontal bar on the y-axis demarcates elevated starting sediment loads from anthropo-
genic influences of Grand Ditch, and logging and mining activities in the valley (Rubin
et al., 2012; Rathburn et al., 2013; Grimsley et al., 2016). Likewise, the horizontal dashed
lines within each plot indicate a shifting baseline of sediment recovery as a result of the
increased frequency of disturbances or because of a new system state associated with
the presence of an impounding reservoir, such as on North St. Vrain Creek.
the mechanisms that control these responses, on a spectrum of natural
to human-influenced systems, and the role of physical complexity in en-
hancing form resiliencehas implications for the overall resiliencewithin
these small, mountainous watersheds (Fig. 9).
4.1. South Fork Cache la Poudre River

In the case of the SFR, a full recovery to pre-disturbance conditions
was expected over relatively short time scales based on previous re-
search in similar settings. Moody and Martin (2001), Benavides-
Solorio and MacDonald (2005), Wagenbrenner et al. (2006), and
Robichaud et al. (2013) found that suspended loads attained back-
ground levels in 3–5 years and in 3–10 years for more coarse materials.
Sediment recovery in the High Park fire paired watersheds varied over
time and space, and was influenced by first and secondary controls to
different degrees (Table 1). The initial high sediment flux on the South
Fork River is associated with storms immediately following the 2012
High Park Fire (initial peak, Fig. 8), storms that helped to extinguish
the fire in summer 2012, initiating channel change that occurred prior
to any data collection at the site. The combination of the 2012 High
Park fire and 2013 flood evacuated sediment from the SFR basin; but
valley morphology, particle size, vegetation reestablishment, and year
post-fire were also primary controls. By 3 years post-fire, after eight
threshold-exceeding storms had occurred, suspended sediment con-
centrations were comparable to pre-disturbance values. Bedload was
not quantified in the same manner, but speculatively, ongoing higher
rates of bedload transport may occur as fire- and flood-derived sedi-
ment is translated downstream, suggesting lower resilience for coarser
sediment. The extensive watershed-scale erosion from the 2013 storms
evacuated ash stored on hillslopes and post-fire sediment from the
main stem channel bed during the storm, effectively improving water
quality through a decrease in measured suspended sediment in the
basin (Miller et al., 2017). In some areas, 2013 flood waters were suffi-
cient to transport coarse, fire-related debris flow sediment delivered
from burned tributaries and deposited it in small fans (Fig. 6).

Removal of vegetation during the High Park fire lowered the thresh-
old of response to rainstorm-induced sediment transport in ephemeral
and in perennial channels. Rainstorms eroded finer sediment immedi-
ately after the fire, resulting in coarse particles mantling the hillslopes
and exposing vegetation roots (Fig. 7). This imparted high surface
roughness and rendered the study watersheds moderately resilient to
the effects of the fire and flood (Fig. 9). Greater surface roughness limits
concentration of surface flow and the detachment of particles necessary
to initiate rills and then gullies (Moody andKinner, 2006;Wohl, 2013b).

Our analysis shows that while sediment recovery may be high, it
does not necessarily equate to high resilience because of other factors
that facilitate channel form complexity and hence resilience. The incised
perennial channels within the burn area havemoderate form resistance
(Table 1, Fig. 9;middle photo) owing to undercut vertical banks and lack
of high spatial complexity. Bank collapse, channel avulsions, and evi-
dence of sediment transport have been observed since the end of data
collection in 2014, indicating ongoing coarse sediment transport in
spite of the fact that suspended sediment concentrations are compara-
ble to background levels. Hence, we find that sediment recovery does
not necessarily track with form resilience.

The lack of ephemeral channel response to the fire and flood indi-
cates high channel form resilience in the ephemeral channels and
contributing areas based on the metrics measured (channel geome-
try changes, sediment aggradation and degradation) to evaluate sed-
iment flux recovery. Our data are corroborated byWohl (2013b) and
Wohl and Scott (2017) on channel heads within small watersheds
(one of which is our mulched site) feeding ephemeral channels.
After 4 years, the up-gradient migration of channel heads had
ceased, with sediment infilling decreasing the contributing area in
the mulched watershed.
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4.2. Upper Colorado River

In the case of the upper Colorado River, long-term recovery is
interrupted by a cascading series of disturbances that introduce differ-
ent starting points. To a large extent, these are driven by current and
historical land uses. Sediment recovery following input froma single de-
bris flow is largely controlled by available discharge, valley geometry,
and the size of materials in transport. The history of debris flows pro-
vides a second-order control (Table 1) that influences the supply of sed-
iment and state of condition in the main stem. Furthermore, an
increased frequency of debris flows over the last two centuries caused
by logging and mining activities in the Colorado River valley (Rubin
et al., 2012) results in a shorter recovery from events such that overlap-
ping influences occur, amplifying the effects of debris flows and increas-
ing the threshold of response (Fig. 8). Hence, the starting condition in a
debris-flow-impacted system is highly influenced by events occurring
at differing time scales and under varying management influences.

Channel form resilience on the upper Colorado River is high relative
to the other two sites, as evidenced by increasing physical channel com-
plexity that has developed since the 2003 debris flow (Fig. 9). Channel-
spanning logs create steps that pond flow and allow sediment and nu-
trients to settle out upstream from the step. Pools that develop down-
stream from the steps are deeper and cooler, and the step itself
creates complex habitat. Other features like bank undercutting and in-
creased riparian vegetation contribute to higher complexity and hence
high form resilience relative to other case studies.

4.3. North St. Vrain Creek

In the case of the North St. Vrain, sediment recovery is unlikely to be
fully achieved as a state change has occurred. Along the North St. Vrain,
we were able to quantify sediment fluxes associated with the flood
through pre- and post-LiDAR coverage. Flood disturbances on NSV are
also ongoing as 2013 flood-eroded sediment in storage continues to
be transported downstream into the water supply reservoir. A new sys-
tem state results in a shifting baseline of recovery (Fig. 8). Resilience of
the NSV watershed to the September 2013 storms was low (Fig. 9) be-
cause of the existence of the reservoir and dam that caused the exten-
sive deposition. In contrast, lateral connectivity with the upper NSV
allowed flood waters to expand throughout the wide valley bottom,
limiting the effects of the 2013 flood to just centimeters of aggradation
(Wohl et al., 2017). We speculate that prior to closure of the dam in
1969, the NSV was likely more resilient and has become less so over
time. Flood sediments would have been readily transported down-
stream through the bedrock-confined reaches, with flood attenuation
in the lower gradient, formerly unconfined reaches that were beaver
meadows but are now occupied by the current reservoir. Pre-damaerial
photos in 1969 indicate a beavermeadowoccupied the valleywhere the
reservoir is now located.

4.4. Management approaches to enhance recovery and resilience

As climate change modifies storm frequency, magnitude, and dura-
tion, we expect resilience to disturbance to change also. Greater vari-
ability in temperature, moisture, and wind patterns will affect soils,
vegetation, and the hydrologic regime that drives storms and droughts
and hence disturbances including floods, fires, and mass movements
(Phillips and Van Dyke, 2016). With projections of increased fire inten-
sity, frequency, and extent inwestern USA, aswell as longer fire seasons
and greater temperature extremes (Westerling et al., 2006; Abatzoglou
and Williams, 2016), sediment yields are also expected to increase
(Goode et al., 2012). With these changes come questions about how
to promote resilience under increasingly more frequent disturbances
or in heavily human-influenced systems. In a broad sense, we would
argue for (i) managing geomorphic systems for open energy transfer;
(ii) allowing space for rivers to adjust and respond (e.g., freedom
space for rivers; Biron et al., 2014); and (iii) maintaining enhanced
structural and functional landscape complexity (e.g., let wood be; bea-
ver meadows). All three approaches promote physical complexity in
rivers, which increases the sediment resilience to disturbances. Even
under conditions of high sediment load, active lateral migration and
high complexity will naturally attenuate downstream sediment fluxes
(Hooke, 2007). Or a high sediment load that may arise or continue
under a changing climate and increased frequency/intensity of distur-
bances may lead to a meandering to braided transition. Although a
state change would occur in this situation, the system may still be con-
sidered resilient as it is slowly responding to the higher sediment load.
Depending on the time and space scales of highest priority along dy-
namic river systems, resilience understanding can be incorporated
into river and water resource management. This is exemplified by an
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increasing number of municipalities proactively addressing resilience
issues in their communities and developing resilience plans to protect
water supplies in mountainous watersheds.

While the ideas of open energy, space, and complexity are not new,
especially within the restoration community where they have been
widely circulated as management principles that preserve natural pro-
cess and form (e.g., Downs et al., 2002; Downs and Gregory, 2004), re-
iterating fundamental thinking about resilience as it enhances
restoration is critical. Understanding the sensitivity of a channel to
change is a direct tie to thinking about and managing a river as an eco-
system and to its recovery potential during restoration. Understanding
the dynamics of sediment supply, storage, and transportwithin awater-
shed, or the sediment recovery potential, helps to illuminate the spatial
controls on channel adjustment in order to gauge the level of energy
available for recovery and the type of recovery to be expected (Fryirs
and Brierley, 2000).
4.4.1. Restoration decisions
Application of mulchwithin the South Forkwatershedwas intended

to limit post-fire hillslope erosion and sediment delivery to the main
stem. The mulch was applied in late 2012 and early 2013 to portions
of the two watersheds, particularly in the steep upper portions. Spring
precipitation in 2013 mobilized much of the freshly applied mulch
along channels as discharge was rapidly conveyed downstream
(Fig. 10).Where themulch stayed in place, it was effective in facilitating
rapid vegetation growth of the seedswithin the straw. The effectiveness
of themulch at limiting erosion on a watershed scale is uncertain given
the somewhat contradictory results of in-channel scour chain data on
sediment yields and suspended sediment concentrations measured at
the outlets of both watersheds.

The decision onwhere to applymulch is typically based onmeasures
of fire severity, slope steepness, geologic characteristics, as well as
downstream values at risk (Cannon et al., 2001). Additionally, the de-
gree to which a tributary watershed is connected to the main channel
could also be a useful factor in deciding where to expend scarce post-
fire restoration resources, as indicated by treatment priorities (Fig. 11)
such that highly connected tributaries are the highest priority. The par-
tially mulched watershed contributed somewhat higher (or compara-
ble) levels of suspended sediment to the SFR, an expected result under
conditions of lower mulch application. Moreover, the partially mulched
watershed has a higher level of connectivity as controlled by valley con-
finement at the confluence (Fig. 11). Understanding differences in sed-
iment connectivity to the SFR may be equally as important as the post-
Fig. 10. Repeat photos of an ephemeral channel showing mulch effectiveness where it was reta
Poudre basin (left photo) and on 17 Sep 13 (right photo).View is downstream.
fire treatments in controlling fine sediment delivery. Hence, an assess-
ment of sediment connectivity potential at the confluence of water-
sheds of concern could further inform estimation of the likelihood of
sediment reduction from burned watersheds and guide treatment
decisions.

Moody and Martin (2009) suggested that 75% of post-fire sediment
yield comes from channels, though they consider rills and gullies as
channels, unlike our classification. Field observations throughout the
SFR basin indicated substantial channel incision in perennial channels.
However, ephemeral channels did not function as source areas for sed-
iment, rather transporting it or providing temporary storage between
storms. As such, mulching hillslopes may not affect in-channel process-
es. Mulching does appear to be effective at reducing runoff and erosion
on hillslopes lower in the Cache la Poudre River basin (Schmeer, 2014;
Kampf et al., 2016), where more frequent, higher intensity rainstorms
occurred.

In the case of the upper Colorado River, knowledge of recovery pat-
terns could be incorporated into resource management decisions and
policy, especially pending restoration of the affected wetland. Restora-
tion efforts that restabilize the failed hillslope below Grand Ditch and
target restoration in areas prone to failure elsewhere along the Ditch
would likely impart the greatest sediment resilience. Restoration efforts
that do not address the ongoing, episodic sourcing of sediment via slope
failures, continued entrainment and transport of existing unconsolidat-
ed debris flow sediment, and transport of large wood that block foot-
bridges and create channel avulsions miss the dominant process
drivers within the river valley. Restoration efforts that do not consider
the sediment transport processes from hillslope source to wetland
sink may enhance dynamically unstable conditions that cause the ef-
fects of the 2003 perturbation to not only persist but grow over time.
Field observations indicatewidth-spanning log stepswithin the channel
(Fig. 9B photo) create hydraulic and physical complexity. The Colorado
River site was likely more resilient before mining and logging
N200 years ago, when wood recruitment and abundance within
geomorphically effective steps and jams was probably more common.
An overall loss in resilience has resulted because of human alterations
to the landscape.
4.4.2. Incorporating beavers to enhance resilience
Beavers were once abundant along the upper Colorado River in

Rocky Mountain National Park (Andrews, 2015). Within the study site
specifically, beaver ponds appear in the earliest aerial photos in 1937.
A radiocarbon age of CE 1634–1662 from a log within a buried beaver
ined after a storm on 1 Jul 2013 in the fully mulched watershed of the South Fork Cache la
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dam supports the presence of beavers well before the aerial imagery re-
cord (Rathburn et al., 2013). Elsewhere in the Park, beaver meadows
create high geomorphic resilience (Polvi andWohl, 2012) as illustrated
by the beavermeadow along the upper North St. Vrain Creek (upstream
from our 15-km study site) that largely resisted September 2013 flood
erosion (Wohl et al., 2017). This is in stark contrast to the downstream,
confined reach of NSV that underwent extensive erosion and channel
alteration (Rathburn et al., 2017). While valley confinement may be a
key factor controlling flood effects, introducing beavers is one manage-
ment practice that would foster greater resilience to extreme events.
Beavers create obstructions to flow through the dams they build, in-
creasing depth, extent, and duration of overbank flows that sustain
high riparian water tables within beaver meadows (Westbrook et al.,
2006; Wohl, 2013a). Furthermore, beaver meadows can increase open
water area and base flow during dry periods (Hood and Bailey, 2008),
thereby increasing resistance and resilience to drought. An indication
of the growing interest in using beaver as a restoration and climate ad-
aptation tool is, for example, the development of quickmethods to esti-
mate the increase in surfacewater storage from surface area and beaver
dam height (Karran et al., 2017).

4.4.3. Future decisions concerning geomorphic resilience
For the broader surface process community, where we go from here

in termsof resilience requires the continued efforts of a devoted cadre of
scientists working in a range of landforms using multifaceted ap-
proaches. To foster resilience to increasingly extreme events, scenarios
and models of how geomorphic systems have responded in the past
and may respond to future disturbances are required (Van de Wiel
et al., 2011; Lane, 2013).Models that track fluxes of sediment to identify
geomorphic hotspots (Czuba and Foufoula-Georgiou, 2015), or sedi-
ment pulse evolution (Gran and Czuba, 2017) are useful for manage-
ment decisions. Careful field studies with longer time frames will help
quantifymodel boundary conditions and assist validation of themodels,
as well as refine response trajectories that show expected behavior of
how geomorphic systems have responded to past and recent extreme
storms and floods (Naylor et al., 2017 Grand Challenge #1). Streamevo-
lution models that explicitly assess resilience (Cluer and Thorne, 2013)
may gain traction as river scientists integrate habitat and ecosystem
benefits into management and restoration efforts at increasingly larger
spatial scales.

Our analysis of sediment recovery is limited to relatively small wa-
tersheds with little change in human influences over the recovery
period. Evaluating sediment recovery as the time to attain background
sediment yields, concentrations, or rates and volumes of aggradation
and degradation is only feasible when comparable land use and
human development exist during the recovery period. Should develop-
ment occur following a disturbance that alters the runoff processes for
example, our approach to determining recovery would be less valid.
As more people move into the urban-wildland interface, watersheds
undergoing rapid development may be especially in need of resilience
assessments because disturbance-driven damages to land andwater re-
sources are amplified through continued construction of river corridor
infrastructure. Our work ahead is to improve understanding of what
controls resilience and how to implement management strategies that
enhance the ability of watersheds to withstand future disturbances.

5. Conclusions

Sediment recovery within three small mountainous watersheds in
the Rocky Mountains of Colorado was evaluated following single or
compound disturbances. The dominant site-specific controls on the
response to disturbances for the South Fork Cache la Poudre, upper
Colorado River, and North St. Vrain basins include precipitation intensi-
ty and duration, discharge, valley morphology that influences connec-
tivity, sediment characteristics, and anthropogenic activities. The
South Fork study site shows high sediment recovery because measured
suspended sediment concentrations were at background levels 3 years
after the 2012 High Park fire. The compound disturbance of the
September 2013 flood hastened that sediment recovery. Debris flows
along the upper Colorado River over the last two centuries has shifted
the baseline of sediment recovery caused by anthropogenic activities
that increased debris flow frequency. The flood in September 2013 on
North St. Vrain Creek resulted in extreme sedimentationwithin a down-
stream reservoir that led to a physical state change. An index of relative
sediment resilience as sediment recovery/disturbance recurrence interval
allows comparison between sites. Sediment recovery may or may not
imply watershed resilience, however, because of a lack of physical com-
plexity that enhances channel form resilience. Under increasingly more
frequent disturbances and human-influenced systems, we propose
(i) managing geomorphic systems for open energy transfer; (ii)
allowing space for rivers to adjust and respond; and (iii) maintaining
landscape complexity. All three approaches promote physical complex-
ity in rivers that increases the sediment resilience to disturbances.
Assessing sediment connectivity within small watersheds provides
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land managers a valuable tool when developing restoration treatment
priorities.
Acknowledgements

Fundingwas provided by the cities of Fort Collins and Greeley, CO, to
Rathburn and a National Fire Plan grant to Ryan for the South Fork
Poudre River research; National Science Foundation RAPID Award
EAR1410472 and the Gladys Cole Memorial Fund (Quaternary Geology
and Geomorphology Division, Geological Society of America) to
Rathburn for the North St. Vrain Creek research; and the National Park
Service and Rocky Mountain National Park to Rathburn for the upper
Colorado River work. We thank David Dust and numerous other people
who helped in the field, laboratory, andwith data analysis. Annette Pat-
ton and Joseph Mangano assisted with figures; and Daniel Scott,
Annette Patton, Johanna Eidmann, and Canace Finley helped clarify an
earlier draft. We also thank Richard Marston, editor, and David Butler,
guest editor, and two anonymous reviewers for their thorough reviews
and helpful comments that improved this manuscript.

References

Abatzoglou, J.T., Williams, A.P., 2016. Impact of anthropogenic climate change on wildfire
across western US forests. Proc. Natl. Acad. Sci. http://dx.doi.org/10.1073/
pnas.1607171113.

Andrews, T.G., 2015. Coyote Valley: Deep History in the High Rockies. Harvard University
Press, Cambridge, MA (331 pp).

BAER (Burn Area Emergency Response), 2012. High Park Fire Burned Area Emergency
Response (BAER) Report, High Park Fire Emergency Stabilization Plan, 12 July 2012.

Benavides-Solorio, J., MacDonald, L., 2005. Measurement and prediction of post-fire ero-
sion at the hillslope scale, Colorado Front Range. Int. J. Wildland Fire 14 (2), 317–332.

Bennett, G., Kean, J., Rengers, F., Ryan, S., Rathburn, S., 2017. Landslide-channel feedbacks
amplify flood response and channel erosion. Geophys. Res. Abstr. 19, ETU2017-
14326-3.

Biron, P., Buffin-Belanger, T., Larocque, M., Chone, G., Cloutier, C., Ouellet, M., Demers, S.,
Olsen, T., Desjarlais, C., Eyquem, J., 2014. Freedom space for rivers: a sustainable man-
agement approach to enhance river resilience. Environ. Manag. 54, 1056–1073.

Braddock, W.A., LaFountain, L.J., 1988. Geologic Map of the Crystal Mountain Quadrangle,
Larimer Country, Colorado: U.S. Geological Survey, Geological Quadrangle Map
GQ-1623, Scale 1:24,000.

Brierley, G., Fryirs, K., 2005. Geomorphology and River Management: Applications of the
River Styles Framework. Blackwell Publishing, Oxford, UK (398 pp).

Brierley, G., Brooks, A., Fryirs, K., Taylor, M., 2005. Did humid-temperate rivers in the Old
and NewWorlds respond differently to clearance of riparian vegetation and removal
or woody debris? Prog. Phys. Geogr. 29, 27–49.

Brunsden, D., 2001. A critical assessment of the sensitivity concept in geomorphology.
Catena 42, 99–123.

Brunsden, D., Thornes, J.B., 1979. Landscape sensitivity and change. Trans. Inst. Br. Geogr.
4 (4), 463–484.

Buma, B., 2015. Disturbance interactions: characterization, prediction, and the potential
for cascading effects. Ecosphere 6 (4), 1–15 (article 7).

Cannon, S., Bigio, E., Mine, E., 2001. A process for fire-related debris flow initiation, Cerro
Grande fire, New Mexico. Hydrol. Process. 15, 2011–3023.

Cavalli, M., Trevisani, S., Comiti, F., Marchi, L., 2013. Geomorphometric assessment of spa-
tial sediment connectivity in small Alpine catchments. Geomorphology 188, 31–41.

Cluer, B., Thorne, C., 2013. A stream evolution model integrating habitat and ecosystem
benefits. River Res. Appl. http://dx.doi.org/10.1002/rra.2631.

Corenblit, D., Tabacchi, E., Steiger, J., Gurnell, A., 2007. Reciprocal interactions and adjust-
ments between fluvial landforms and vegetation dynamics in river corridors: a re-
view of complementary approaches. Earth Sci. Rev. 84, 56–86.

Corenblit, D., Steiger, J., Gurnell, A., Naiman, R., 2009. Plants intertwine fluvial landform
dynamics with ecological succession and natural selection: a niche construction per-
spective for riparian systems. Glob. Ecol. Biogeogr. 18, 507–520.

Cotrufo, M.F., Boot, C., Kampf, S., Nelson, P., Brogan, D., Covino, T., Haddix, C., MacDonald,
L., Rathburn, S., Ryan, S., Schmeer, S., Hall, E., 2016. Redistribution of pyrogenic carbon
from hillslopes to stream corridors following a large montane wildfire. Glob.
Biogeochem. Cycles 30:1–8. http://dx.doi.org/10.1002/2016GB005467.

Coumou, D., Rahmstorf, S., 2012. A decade of weather extremes. Nat. Clim. Chang. 2,
491–496.

Czuba, J., Foufoula-Georgiou, E., 2015. Dynamic connectivity in the fluvial network for
identifying hotspots of geomorphic change. Water Resour. Res. 51, 1401–1421.

D'Arcy, M., Whittaker, A.C., 2014. Geomorphic constraints on landscape sensitivity to
climate in tectonically active areas. Geomorphology 204, 366–381.

Dietrich, W.E., Dunne, T., 1978. Sediment budget for a small catchment in mountainous
terrain. Z. Geomorphol. Suppl. 29, 191–206.

Downs, P.W., Gregory, K.J., 1993. The sensitivity of river channels in the landscape system.
In: Thomas, D.S.G., Allison, R.J. (Eds.), Landscape Sensitivity. Wiley, Chichester,
pp. 15–30.
Downs, P.W., Gregory, K.J., 2004. River ChannelManagement: Towards Sustainable Catch-
ment Hydrosystems. Hodder Arnold, London, United Kingdom.

Downs, P.W., Skinner, K.S., Kondolf, G.M., 2002. Rivers and streams. In: Perrow, M.R.,
Davy, A.J. (Eds.), Handbook of Ecological Restoration, Volume 2: Restoration in
Practice. Cambridge University Press, Cambridge, pp. 267–296.

Evans, R., 1993. Sensitivity of the British landscape to erosion. In: Thomas, D.S.G., Allison,
R.J. (Eds.), Landscape Sensitivity. Wiley, Chichester, pp. 189–210.

Fryirs, K., 2013. (Dis)connectivity in catchment sediment cascades: a fresh look at the
sediment delivery problem. Earth Surf. Process. Landf. 38, 30–46.

Fryirs, K., 2017. River sensitivity: a lost foundation concept in fluvial geomorphology.
Earth Surf. Process. Landf. 42, 55–70.

Fryirs, K., Brierley, G., 2000. A geomorphic approach to the identification of river recovery
potential. Phys. Geogr. 21, 244–277.

Fryirs, K., Brierley, G., Preston, N., Kasai, M., 2007. Buffers, barriers and blankets: the
(dis)connectivity of catchment-scale sediment cascades. Catena 70, 49–67.

Fryirs, K., Lisenby, P.E., Croke, J., 2015. Morphological and historical resilience to cata-
strophic flooding: the case of Lockyer Creek, SE Queensland, Australia. Geomorphol-
ogy 241, 55–71.

Gochis, D., Schumacher, R., Friedrich, K., Doesken, N., Kelsch, M., Sun, J., Ikeda, K., Lindsey,
D., Wood, A., Dolan, B., 2015. The great Colorado flood of September 2013. Am.
Meteorol. Soc. Bull. 96:1461–1487. http://dx.doi.org/10.1175/BAMS-D-13-00241.1.

Goode, J., Luce, C., Buffington, J., 2012. Enhanced sediment delivery in a changing climate
in semi-arid mountain basins: implications for water resource management and
aquatic habitat in the northern Rocky Mountains. Geomorphology 139-140, 1–15.

Gran, K., Czuba, J., 2017. Sediment pulse evolution and the role of network structure.
Geomorphology 227, 17–30.

Grimsley, K., Rathburn, S., Friedman, J., Mangano, J., 2016. Debris flow occurrence and
sediment persistence, Upper Colorado River Valley, CO. Environ. Manag. http://
dx.doi.org/10.1007/s00267-016-0695-1.

Harvey, A.M., 2001. Coupling between hillslopes and channels in upland fluvial systems:
implications for landscape sensitivity, illustrated from the Howgill Fells, northwest
England. Catena 42, 225–250.

Harvey, A.M., 2002. Effective timescales of coupling within fluvial systems. Geomorphol-
ogy 44, 175–201.

Holling, C.S., 1973. Resilience and stability of ecological systems. Annu. Rev. Ecol. Syst. 4,
1–23.

Holling, C.S., 1996. Engineering resilience vs. ecological resilience. In: Schulze, P.C. (Ed.),
Engineering within Ecological Constraints. National Academy, Washington, DC,
pp. 31–43.

Hood, G., Bailey, S., 2008. Beaver (Castor canadensis) mitigate the effects of climate on the
area of open water in boreal wetlands in western Canada. Biol. Conserv. 141,
556–567.

Hooke, R. LeB, 2000. On the history of humans as geomorphic agents. Geology 28,
838–846.

Hooke, J.M., 2003. Coarse sediment connectivity in river channel systems: a conceptual
framework and methodology. Geomorphology 56, 79–94.

Hooke, J.M., 2007. Spatial variability, mechanisms and propagation of change in an active
meandering river. Geomorphology 84, 277–296.

Hooke, R. LeB, Martin-Duque, J.F., Pedraza, J., 2012. Land transformation by humans: a
review. GSA Today 22, 4–10.

Jarrett, R., 1990. Paleohydrologic techniques used to define the spatial occurrence of
floods. Geomorphology 3, 181–195.

Kampf, S., Brogan, D., Schmeer, S., MacDonald, L., Nelson, P., 2016. How do geomorphic
effects of rainfall vary with storm type and spatial scale in a post-fire landscape?
Geomorphology 273, 19–51.

Karran, D., Westbrook, C., Wheaton, J., Johnston, C., Bedard-Haughn, A., 2017. Rapid
surface-water volume estimations in beaver ponds. Hydrol. Earth Syst. Sci. 21,
1039–1050.

Lake, P., Bond, N., Reich, P., 2007. Linking ecological theory with stream restoration.
Freshw. Biol. 52, 597–615.

Lane, S., 2013. 21st century climate change: where has all the geomorphology gone? Earth
Surf. Process. Landf. 38, 106–110.

Lisle, T., 2008. The evolution of sediment waves influenced by varying transport capacity
in heterogeneous rivers. In: Habersack, H., Piegay, H., Rinaldi, M. (Eds.), Gravel-Ged
Rivers VI: From Process Understanding to River Restoration, pp. 443–469.

Mangano, J., 2014. Evaluating Channel Morphologic Changes and Bed-material Transport
Using Airborne LiDAR, Upper Colorado River, Rocky Mountain National Park. M.S.
Thesis. Colorado State University.

Miller, S., Rhodes, C., Robichaud, P., Ryan, S., Kovecses, J., Chambers, C., Rathburn, S., Heath,
J., Kampf, S., Wilson, C., Brogan, D., Piehl, B., Miller, M.E., Giordanengo, J., Berryman, E.,
Rocca, M., 2017. Learn from the burn: the High Park Fire 5 years later. Science You
Can Use Bulletin, Issue 25. Rocky Mountain Research Station, Fort Collins, CO (18 pp).

Montgomery, D., 1999. Process domains and the river continuum. J. Am. Water Resour.
Assoc. 35, 397–410.

Moody, J., Kinner, D., 2006. Spatial structures of stream and hillslope drainage networks
following gully erosion after wildfire. Earth Surf. Process. Landf. 31, 319–337.

Moody, J., Martin, D., 2001. Initial hydrologic and geomorphic response following a
wildfire in the Colorado Front Range. Earth Surf. Process. Landf. 26:1049–1070.
http://dx.doi.org/10.1002/esp.253.

Moody, J., Martin, D., 2009. Synthesis of sediment yields after wildland fire in different
rainfall regimes in the western United States. Int. J. Wildland Fire 18, 96–115.

Naylor, L., Spencer, T., Lane, S., Darby, S., Magilligan, F., Macklin, M., Moller, I., 2017.
Stormy geomorphology: geomorphic contributions in an age of climate extremes.
Earth Surf. Process. Landf. 42, 166–190.

http://dx.doi.org/10.1073/pnas.1607171113
http://dx.doi.org/10.1073/pnas.1607171113
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0010
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0010
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0015
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0015
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0020
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0020
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0025
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0025
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0025
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0030
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0030
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0035
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0035
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0035
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0040
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0040
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0045
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0045
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0045
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0050
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0050
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0055
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0055
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0060
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0060
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0065
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0065
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0070
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0070
http://dx.doi.org/10.1002/rra.2631
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0080
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0080
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0080
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0085
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0085
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0085
http://dx.doi.org/10.1002/2016GB005467
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0095
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0095
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0100
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0100
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0105
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0105
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0110
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0110
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0115
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0115
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0115
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0120
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0120
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0125
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0125
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0125
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0130
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0130
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0135
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0135
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0140
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0140
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0145
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0145
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0150
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0150
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0155
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0155
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0155
http://dx.doi.org/10.1175/BAMS-D-13-00241.1
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0165
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0165
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0165
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0170
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0170
http://dx.doi.org/10.1007/s00267-016-0695-1
http://dx.doi.org/10.1007/s00267-016-0695-1
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0180
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0180
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0180
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0185
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0185
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0190
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0190
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0195
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0195
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0195
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0200
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0200
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0200
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0205
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0205
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0210
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0210
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0215
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0215
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0220
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0220
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0225
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0225
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0230
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0230
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0230
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0235
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0235
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0235
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0240
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0240
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0245
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0245
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0245
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0250
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0250
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0250
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0255
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0255
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0255
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0260
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0260
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0265
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0265
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0270
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0270
http://dx.doi.org/10.1002/esp.253
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0280
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0280
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0285
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0285


75S.L. Rathburn et al. / Geomorphology 305 (2018) 61–75
Nesse, W.D., Braddock, W.A., 1989. Geologic Map of the Pingree Park quandrangle,
Larimer Country, Colorado: U.S. Geological Survey, Geologic Quadrangle Map GQ-
1622, Scale 1:24,000.

Newcombe, C., Macdonald, D., 2011. Effects of suspended sediment on aquatic ecosys-
tems. N. Am. J. Fish Manag. 11, 72–82.

Phillips, J.D., Van Dyke, C., 2016. Principles of geomorphic disturbance and recovery in re-
sponse to storms. Earth Surf. Process. Landf. http://dx.doi.org/10.1002/esp.3912.

Poeppl, R., Keesstra, S., Maroulis, J., 2017. A conceptual connectivity framework for under-
standing geomorphic change in human-impacted fluvial systems. Geomorphology
277, 237–250.

Polvi, L., Wohl, E., 2012. The beaver meadow complex revisited – the role of beaver in
post-glacial floodplain development. Earth Surf. Process. Landf. 37, 332–346.

Rathburn, S.L., Merritt, D.M., Wohl, E.E., Sanderson, J.S., Knight, H.A.L., 2009. Characteriz-
ing environmental flows for maintenance of river ecosystems: North Fork Cache la
Poudre River, Colorado. In: James, L.A., Rathburn, S.L., Whittecar, G.R. (Eds.), Manage-
ment and Restoration of Fluvial Systems With Broad Historical Changes and Human
Impacts. Geological Society of America Special Paper 451, pp. 143–157.

Rathburn, S.L., Rubin, Z.K., Wohl, E.E., 2013. Evaluating channel response to an extreme
sedimentation event in the context of historical range of variability: Upper Colorado
River, USA. Earth Surf. Process. Landf. 38:391–406. http://dx.doi.org/10.1002/
esp.3329.

Rathburn, S.L., Bennett, G.L., Wohl, E.E., Briles, C., McElroy, B., Sutfin, N., 2017. The fate of
sediment, wood, and organic carbon eroded during an extreme flood, Colorado Front
Range, USA. Geology http://dx.doi.org/10.1130/G38935.1.

Richer, E., 2009. Snowmelt Runoff Analysis and Modeling for the Upper Cache la Poudre
Basin, Colorado. M.S. Thesis. Colorado State University.

Robichaud, P., Wagenbrenner, J., Lewis, S., Ashmun, L., Brown, R., Wohlgemuth, P., 2013.
Post-fire mulching for runoff and erosionmitigation, part II: effectiveness in reducing
runoff and sediment yields from small catchments. Catena 105, 93–111.

Rubin, Z.K., Rathburn, S.L., Wohl, E.E., Harry, D.L., 2012. Historic range of variability in geo-
morphic processes as a context for restoration: Rocky Mountain National Park, Colo-
rado, USA. Earth Surf. Process. Landf. http://dx.doi.org/10.1002/esp.2249.

Ryan, S., 1997. Morphologic response of subalpine streams to transbasin flow diversion.
J. Am. Water Resour. Assoc. 33 (4), 839–854.

Sanderson, E.W., Jaiteh, M., Levy, M.A., Redford, K.H., Wannebo, A.V., Woolmfer, G., 2002.
The human footprint and the last of the wild. Bioscience 52, 891–904.

Schmeer, S.R., 2014. Post-fire Erosion Response and Recovery, High Park Fire. M.S. Thesis.
Colorado State University.

Schumm, S., 1991. To Interpret the Earth: Ten Ways to be Wrong. Cambridge University
Press, Cambridge, UK (133 pp).

Shahverdian, S., 2015. Controls on Post-High Park Fire Channel Response, South Fork
Cache la Poudre Basin, Colorado. M.S. thesis. Colorado State University.

Sibold, J., Veblen, T., Gonzalez, M., 2006. Spatial and temporal variation in historic fire
regimes in subalpine forests across the Colorado Front Range in Rocky Mountain
National Park, Colorado, USA. J. Biogeogr. 33 (4), 631–647.

Smith, G., Best, J., Tockner, K., Malard, F., Ward, J., 2000. An extension of the flood pulse
concept. Hydrol. Process. 14, 2861–2883.

Snyder, N.P., Whipple, K.X., Tucker, G.E., Merritts, D.J., 2000. Landscape response to tec-
tonic forcing: digital elevationmodel analysis of stream profiles in theMendocino tri-
ple junction region, northern California. Geol. Soc. Am. Bull. 112, 1250–1263.
Tabacchi, E., Steiger, J., Corenblit, D., Monaghan, M., Platy-Tabacchi, A.M., 2009. Implica-
tions of biological and physical diversity for resilience and resistance patterns within
Highly Dynamic River Systems. Aquat. Sci. 7, 279–289.

Van de Wiel, M., Coulthard, T., Macklin, M., Lewin, J., 2011. Modeling the response of
river systems to environmental change: progress, problems and prospects for
palaeoenvironmental reconstructions. Earth-Sci. Rev. 104, 167–185.

Veblen, T.T., Donnegan, J.A., 2005. Historical range of variability for forest vegetation on
the national forest of the Colorado Front Range. Final Report USDA Forest Service
Agreement No. 1102-0001-99-033. USDA Forest Service, Rocky Mountain Region,
Golden, CO (151 pp).

Veblen, T.T., Romme, W.H., Regan, C., 2012. Regional application of historical ecology at
ecologically defined scales: forest ecosystems in the Colorado Front Range. In:
Weins, G.D., Hayward, H.D., Giffen, S., Giffen, C. (Eds.), Historical Environmental
Variation in Conservation and Natural Resource Management. Wiley-Blackwell,
pp. 149–165.

Wagenbrenner, J., MacDonald, L., Rough, D., 2006. Effectiveness of three post-fire rehabil-
itation treatments in the Colorado Front Range. Hydrol. Process. 20 (14), 2989–3006.

Walker, B., Salt, D., 2012. Resilience Practice: Building Capacity to Absorb Disturbance and
Maintain Function. Island Press, USA (240 pp).

Webster, J.R., Waide, J.B., Pattern, B.C., 1975. Nutrient recycling and the stability of
ecosystems. In: Howell, F.G., et al. (Eds.), Mineral Cycling in Southeastern Ecosystems,
ERDA (CONF-740513), pp. 1–27.

Westbrook, C.J., Cooper, D.J., Baker, B.W., 2006. Beaver dams and overbank floods influ-
ence groundwater-surface water interactions of a Rocky Mountain riparian area.
Water Resour. Res. 42, 1–14.

Westerling, A., Hidalgo, H., Cayan, D., Swetnam, T., 2006. Warming and earlier spring in-
crease western US forest wildfire activity. Science 313, 940–943.

Westman, W.E., 1978. Measuring the inertia and resilience of ecosystems. Bioscience 28
(11), 705–710.

Wohl, E., 2010. A brief review of the process domain concept and its application to
quantifying sediment dynamics in bedrock canyons. Terra Nova 22 (6):411–416.
http://dx.doi.org/10.111/j.1365-3121.

Wohl, E., 2013a. Wilderness is dead: whither critical zone studies in geomorphology in
the Anthropocene? Anthropocene 2, 4–15.

Wohl, E., 2013b. Migration of channel heads following wildfire in the Colorado Front
Range, USA. Earth Surf. Process. Landf. 38, 1049–1053.

Wohl, E., Rathburn, S., 2013. Guest Editorial: introduction to special issue on historical
range of variability. Earth Surf. Process. Landf. 38:213–216. http://dx.doi.org/
10.1002/esp.3357.

Wohl, E., Scott, D., 2017. Transience of channel head locations following disturbance.
Earth Surf. Process. Landf. http://dx.doi.org/10.1002/esp.4124.

Wohl, E., Kuzma, J., Brown, N., 2004. Reach-scale channel geometry of a mountain river.
Earth Surf. Process. Landf. 29, 969–981.

Wohl, E., Rathburn, S., Chignell, S., Garrett, K., Laurel, D., Livers, B., Patton, A., Records, R.,
Richards, M., Schook, D., Sutfin, N., Wegener, P., 2017. Mapping longitudinal stream
connectivity in the North St. Vrain Creek watershed of Colorado. Geomorphology
277, 171–181.

Wolman, M.G., Gerson, R., 1978. Relative scales of time and effectiveness of climate in
watershed geomorphology. Earth Surf. Process. Landf. 3, 189–208.

http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0290
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0290
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0290
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0295
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0295
http://dx.doi.org/10.1002/esp.3912
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0305
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0305
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0305
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0310
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0310
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0315
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0315
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0315
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0315
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0315
http://dx.doi.org/10.1002/esp.3329
http://dx.doi.org/10.1002/esp.3329
http://dx.doi.org/10.1130/G38935.1
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0330
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0330
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0335
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0335
http://dx.doi.org/10.1002/esp.2249
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0345
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0345
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0350
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0355
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0355
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0360
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0360
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0365
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0365
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0370
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0370
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0370
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0375
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0375
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0380
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0380
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0380
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0385
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0385
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0385
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0390
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0390
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0390
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0395
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0395
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0395
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0395
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0400
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0400
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0400
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0400
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0400
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0405
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0405
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0410
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0410
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0415
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0415
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0415
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0420
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0420
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0420
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0425
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0425
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0430
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0430
http://dx.doi.org/10.111/j.1365-3121
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0440
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0440
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0445
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0445
http://dx.doi.org/10.1002/esp.3357
http://dx.doi.org/10.1002/esp.3357
http://dx.doi.org/10.1002/esp.4124
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0460
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0460
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0465
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0465
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0465
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0470
http://refhub.elsevier.com/S0169-555X(17)30128-9/rf0470

	Post-�disturbance sediment recovery: Implications for watershed resilience
	1. Introduction
	2. Background and objectives
	2.1. Landscape sensitivity
	2.2. River resilience and connectivity
	2.3. Objectives

	3. Post-disturbance recovery case studies
	3.1. Primary case study: fire and flood − South Fork Cache la Poudre basin
	3.1.1. Ephemeral channel response
	3.1.2. Perennial channel response
	3.1.3. Watershed-scale response
	3.1.4. Fire history, Cache la Poudre watershed

	3.2. Debris flows − upper Colorado River
	3.3. Flood − North St. Vrain Creek

	4. Discussion and management implications
	4.1. South Fork Cache la Poudre River
	4.2. Upper Colorado River
	4.3. North St. Vrain Creek
	4.4. Management approaches to enhance recovery and resilience
	4.4.1. Restoration decisions
	4.4.2. Incorporating beavers to enhance resilience
	4.4.3. Future decisions concerning geomorphic resilience


	5. Conclusions
	section23
	Acknowledgements
	References


