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1 | INTRODUCTION

Wildfire increases the potential for connectivity of water and sedi-

ment across a landscape. Burning combusts organic surface cover

| Stephanie K. Kampf? |

Sandra Ryan® | Tim Covino?

Hunter Gleason*

Abstract

Wildfire increases the potential connectivity of runoff and sediment throughout
watersheds due to greater bare soil, runoff and erosion as compared to pre-fire con-
ditions. This research examines the connectivity of post-fire runoff and sediment
from hillslopes (<1.5 ha; n = 31) and catchments (<1000 ha; n = 10) within two water-
sheds (<1500 ha) burned by the 2012 High Park Fire in northcentral Colorado, USA.
Our objectives were to: (1) identify sources and quantify magnitudes of post-fire run-
off and erosion at nested hillslopes and watersheds for two rain storms with varied
duration, intensity and antecedent precipitation; and (2) assess the factors affecting
the magnitude and connectivity of runoff and sediment across spatial scales for these
two rain storms. The two summer storms that are the focus of this research occurred
during the third summer after burning. The first storm had low intensity rainfall over
11 hours (return interval <1-2 years), whereas the second event had high intensity
rainfall over 1 hour (return interval <1-10 years). The lower intensity storm was pre-
ceded by high antecedent rainfall and led to low hillslope sediment yields and channel
incision at most locations, whereas the high intensity storm led to infiltration-excess
overland flow, high sediment yields, in-stream sediment deposition and channel sub-
strate fining. For both storms, hillslope-to-stream sediment delivery ratios and area-
normalised cross-sectional channel change increased with the percent of catchment
that burned at high severity. For the high intensity storm, hillslope-to-stream sedi-
ment delivery ratios decreased with unconfined channel length (%). The findings
quantify post-fire connectivity and sediment delivery from hillslopes and streams,
and highlight how different types of storms can cause varying magnitues and spatial
patterns of sediment transport and deposition from hillslopes through stream channel

networks.

KEYWORDS
antecedent precipitation, connectivity, nested monitoring, post-fire runoff and erosion, rainfall

intensity

creating interconnected areas of bare soil; subsequent rainfall can lead
to soil sealing (Larsen et al., 2009) and increased runoff and erosion
(Benavides-Solorio & MacDonald, 2005; Ortiz-Rodriquez et al., 2019;
Wagenbrenner & Robichaud, 2014). Connectivity typically increases
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after fire because post-fire runoff and sediment transport can develop
with less rainfall (Wilson et al., 2018) and over smaller drainage areas
(Wohl, 2013) than in unburned conditions. Post-fire connectivity is
affected by many factors, including topography, burn severity and
rainfall (Heckman et al., 2018; Lexartza-Artza & Wainwright, 2009;
Wainwright et al., 2011). Complex interactions between these vari-
ables determine where and when connectivity occurs; for example,
sediment delivered from hillslopes to streams can be stored in-
channel for centuries (Moody & Martin, 2001a) or remobilised during
subsequent rainfall-runoff events (Duvert et al., 2011).

In many regions, post-fire hillslope responses are produced by
infiltration-excess overland flow during spatially variable convective
rain storms (Moody et al., 2013; Moody & Martin, 2001a, 2001b).
During these storms, the highest rainfall intensities are often concen-
trated over small areas <10 km? (Osborn & Laursen, 1973), leading to
spatially variable rates of overland flow and erosion. Areas with high
intensity rainfall experience increased peak streamflow and sediment
transport within channels (Moody & Martin, 2001a, 2001b), but con-
nectivity of runoff and sediment between hillslopes and channels and
along channel networks may be limited to the localised areas affected
by high intensity rainfall. Increased erosion often leads to greater sedi-
ment storage within channels after a burn, particularly in lower gradi-
ent reaches where the frequency of flows capable of sediment
transport decreases (Brogan et al., 2019; Moody & Martin, 2001a;
Smith et al., 2011). Depending on the sequence of post-fire rain
storms, higher overland flow from hillslopes can either erode channel
banks and beds where there is a lack of previously stored sediments
available for transport or cause aggradation in channels when flow is
not high enough to transport all sediment downstream (Brogan
et al., 2019; Kampf et al., 2016; Moody & Martin, 2009). Upstream-
to-downstream sediment connectivity may be greater for rainfall
events with high total depths and following high antecedent rainfall,
as these conditions increase runoff and sediment transport capacity
of streams (Moody & Martin, 2001a, 2001b; Murphy et al., 2018; Wil-
son et al., 2018).

Runoff generation and sediment production after wildfire gener-
ally decrease over time as burned hillslopes are revegetated. Post-fire
mulch treatments can also increase surface cover and associated rain-
fall interception and storage of runoff and sediment on the ground
surface (Wagenbrenner et al., 2006; Robichaud, Jordan, et al., 2013,
Robichaud, Wagenbrenner, et al., 2013; Moreno-de Las Heras
et al., 2010; Parsons et al., 2006). By three to four years post-fire, typ-
ically only the most extreme rainfall events produce a response in
overland flow and hillslope erosion (Ebel & Martin, 2017; Moody &
Martin, 2001a; Wagenbrenner et al., 2015; Wilson et al., 2018). By
four years post-fire, the drainage areas required for channelised flow
increase, comparable to unburned conditions (Wohl & Scott, 2017).

Though post-fire responses are well-documented for plot, hill-
slope, or watershed scales independently, studies linking these scales
are needed (Smith et al., 2011). Post-fire runoff and sedimentation
create difficulties for emergency management and water treatment
(Emelko et al., 2011; Hohner et al., 2016; Martin, 2016), and water
supplies depend on forested areas vulnerable to wildfire (Brown

et al., 2008; Robinne et al., 2018; Westerling et al., 2006). Concurrent
information on the connectivity of runoff and sediment from hillslopes
through watershed channel networks can further our understanding
of how much sediment will reach water supply intakes and inform
potential management decisions (Lexartza-Artza & Wainwright, 2009).
In this study we used nested hillslope and stream channel observa-
tions post-fire to: (1) identify sources and quantify magnitudes of run-
off and sediment transport during two contrasting rain storms that
produced substantially different responses: one long duration with
low intensity rainfall (<1-2 year return interval) and one short dura-
tion event with higher intensity rainfall (<1-10 year return interval);
and (2) determine the factors affecting the magnitude and connectiv-
ity of runoff and sediment from hillslopes to channels and along chan-

nel networks for these storms.

2 | METHODS

21 | Site description

In June 2012 the High Park Fire burned 330 km? of Colorado Front
Range forest draining into the Cache la Poudre and Big Thompson
Rivers, with approximately 50% burned at moderate or high severity
(BAER, 2012). These watersheds supply drinking water to the cities of
Fort Collins, Greeley, Loveland, and other municipalities, so mulch
treatments were applied to reduce erosion and sedimentation of
water supplies. Areas targeted to receive mulch were those with mod-
erate to high burn severity and steep slopes (BAER, 2012; Figure 1).

Geology of the High Park Fire area is Precambrian
metasedimentary and metaigneous schists, gneisses and plutonic igne-
ous rocks (Abbott, 1970). Soils are predominantly sandy loam
(BAER, 2012) with moderately high to high saturated hydraulic con-
ductivity and drainage classes ranging from well drained to somewhat
excessively drained (Sheriff et al., 2016; Soil Survey Staff, 2019). The
primary pre-fire vegetation was ponderosa pine (Pinus ponderosa) at
lower elevations and denser mixed conifer forests at higher eleva-
tions, with grasses and shrubs on drier south-facing slopes
(BAER, 2012; Schmeer et al., 2018).

Peak annual streamflow in the Colorado Front Range is rainfall
dominated below 2000 m and snowmelt dominated above 3100 m,
with mixed sources in-between (Kampf & Lefsky, 2015). Our study
sites in the Skin and Hill Gulch watersheds (Figure 1) fall primarily in
the mixed streamflow regime, with elevations ranging from
1740-2678 m. Hillslope runoff during our sampling season of June
through September is primarily caused by infiltration-excess overland
flow driven by convective rain storms. From 2013 to 2015 the aver-
age sampling season rainfall was 273 mm. Streams in these water-
sheds have a small snowmelt runoff peak (e.g., 58-82 L s~* km~=2 for
the outlets of Skin and Hill Gulch in 2015, respectively), and prior to
the fire they did not retain streamflow throughout the year. Since the
fire, these streams have had perennial flow, with baseflow sustained
throughout the summer and fall and brief stormflow responses to

summer rains.
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2.2 | Monitoring overview

The study was conducted within two watersheds burned by the High
Park Fire, Skin and Hill Gulch (15.1 and 14.1 km?, respectively;
Figure 1). In the months after the fire 29 hillslope sediment fences
were installed to measure erosion along with eight co-located tipping
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bucket rain gauges. In summer 2014 two additional sediment fences
and one additional rain gauge were installed within the headwaters of
Skin Gulch. These two new sediment fences and two existing sedi-
ment fences in the headwaters of Hill Gulch were instrumented to
continuously monitor runoff and the amount of sediment that over-
topped the sediment fence (Figures 1 and 2; Wilson et al., 2020).
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Monitoring site locations within Skin and Hill Gulch of the 2012 High Park Fire with burn severity (Stone, 2015), streams,

monitoring equipment (i.e., rain gauges, hillslope sediment and/or runoff collectors, stream stage and/or turbidity), areas targeted to receive
mulch treatments, and watershed boundaries. Site names correspond to those in Table 1

FIGURE 2 The four hillslope sediment fences modified to measure the runoff and sediment overtopping the fence included: (a) sediment
fence as shown in the foreground to capture the sediment deposited behind the fence (deposited sediment or DS), a 90° V-notch weir to route
the runoff (Q) and suspended sediment that overtopped the fence (overtopped sediment or OS) into a series of three collection barrels, and a
staff gauge which was repeatedly photographed with a time lapse camera (upslope; not pictured) to determine the height of water above the weir
at 1-min intervals; and (b) side view of the Q and OS collection system with sample collection barrels labelled sequentially as B1, B2, and B3
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Contributing areas for the 31 hillslope monitoring sites ranged from
0.1 to 2.8 ha (x = 0.5 ha) with average slope of 5-33°, and elevations
from 1780-2670 m.

In 2014, the outlets of Skin and Hill Gulch were instrumented to
measure stream stage, turbidity, and suspended sediment; three addi-
tional nested catchments per watershed (0.6-3.9 km?) were also
instrumented to measure stream stage (Figure 1 and Table 1). In
2015, two additional catchments per watershed (1.2-10.0 km?) were
added to measure stream stage, turbidity, and suspended sediment;
installation was completed by June 23, 2015. Stage height and turbid-
ity were continuously recorded at 1-10 min intervals. Sites with tur-
bidity and suspended sediment monitoring are hereafter referred to
as primary sites, while sites where only stage height was monitored
are referred to as secondary sites. We focus our analysis on rainfall

events during the 2015 sampling season.

2.3 | Precipitation

Rainfall was continuously monitored with three Rainwise tipping
bucket rain gauges (resolution of 0.25 mm) in Hill Gulch and five in
Skin Gulch (Figure 1). Rainfall data were processed using the USDA
Rainfall Intensity Summarisation Tool (USDA-ARS, 2019); storms were
separated by at least 6 hours with <1 mm of rain (Renard et al., 1997),
and the following metrics were calculated for each event: depth (P;
mm); duration (h); maximum intensity (mm h~%) over 5-, 15-, 30-, and
60-minute intervals (Mls, Mlys, Mlyg and Mlgg, respectively); and
30-minute erosivity (Elsg), where Elsg is the product of event rainfall
kinetic energy and intensity (MJ mmha=! h™%; Brown and Foster,
1987). The depth of rainfall (mm) exceeding MIls thresholds of

TABLE 1

10, 15 and 20 mm h~* was also calculated (P > 10, P > 15 and P > 20,
respectively) (Kampf et al., 2016). The daily antecedent precipitation
index (I,) was calculated for each rain gauge across the sampling sea-

son as:

la=lok+1 (1)

where |, is the initial value of I, (mm), k is the recession factor set to
0.9, and | is the rainfall (mm) for a given day (Dingman, 2002). To help
characterise the initial conditions affecting site responses to rain
events, differences in I, between events were determined using t-
tests with a significance level of 0.05.

Five telemetered USGS rain gauges in the vicinity of Skin and
Hill Gulch (https://co.water.usgs.gov/infodata/COPrecip/index.html)
were monitored to determine when sufficient rainfall occurred to
warrant visit sites for the collection of runoff and sediment. Site
visits were conducted 1-19 days after rain storms. When multiple
storms occurred between site visits, the primary causal storm for
each site with continuous monitoring was determined as that coin-
ciding with the largest recorded runoff and turbidity peak. For hill-
slope sediment fences the causal storm was assumed to be the one
with the highest El;g (Benavides-Solorio & MacDonald, 2005; Wilson
et al,, 2018).

2.4 | Hillslope runoff and erosion
During each site visit the mass of sediment deposited upslope of each
sediment fence was recorded in the field to the closest 0.5 kg using a

hanging scale, and a representative sample was collected for analysis

Characteristics of Skin (S-) and Hill (H-) Gulch primary (-P) and secondary (-S) in-stream monitoring sites including drainage area

(km?), elevation range (m), mean watershed and channel slopes (°), percent of watershed burned at high severity, percent of watershed targeted

for mulch treatments, and percent of channel length that is unconfined.

Site  Area(km?  Elevation range (m) Watershed slope (°)

SP1 0.6 2429-2486 11 8
SP2 3.9 2180-2485 12 6
SP3 151 1889-2678 23 5
SS1 12 2449-2678 11 5
SS2 52 1984-2593 24 6
SS3 2.8 1970-2642 20 8
HP1 0.8 2049-2377 22 6
HP2 3.6 1867-2392 24 5
HP3 141 1741-2224 28 4
HS1 5.7 1858-2379 22 4
HS2 100 1821-2392 23 4
HS3 29 1751-2229 24 6

Channel slope (°)

Unconfined
High burn severity (%) Mulch (%)* channel (%)
97 3 50
41 0 52
44 9 61
79 26 100
44 4 26
41 13 40
89 77 0
53 39 31
51 5 63
28 19 85
40 30 66
83 90 27

Note: Primary sites (SP- and HP-) have streamflow and suspended sediment data, while secondary sites (SS- and HS-) have only streamflow data. Site

names correspond to those in Figure 1.

?Percentage based on GIS polygons of the areas targeted to receive mulch treatments as in Figure 1.
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of gravimetric water content (ASTM D2974-13 Test Method A,
ASTM, 2013). The water content was used to adjust the field-wet
mass of sediment to a dry mass, which was then normalised by
upslope contributing area to obtain an event-based sediment yield in
Mg ha™.

The four sediment fences modified to collect the runoff and sedi-
ment that overtopped the fence in addition to the sediment deposited
behind the fence each had a 90° V-notch weir that routed runoff and
suspended sediment into a series of three 250 L barrels (Figure 2).
The first two barrels each had a flow splitter (Bonilla et al., 2006)
installed at the top of the barrel that divided the flow into 15 direc-
tions, and 1/15 of the flow was transferred to the subsequent
barrel(s). To determine stage height (h) above the weir, a time lapse
camera photographed the weir and an adjacent staff gauge at 1-min
intervals (Figure 2). Hillslope runoff (Q,) was calculated as (Haan
et al., 1994):

Qn=4.89 %108 h248 41000 2)

where Qy is in Ls™t and h is the height of the water above the weir
(mm). The total volume of runoff (L) for each event was divided by
contributing area (m?) to calculate area-normalised runoff (Q; mm),
and the runoff ratio (Q/P) was calculated by dividing runoff depth
(mm) by the rainfall depth (mm) of the causal storm.

For the four hillslopes with runoff collection systems the amount
of sediment that overtopped each sediment fence was determined by
stirring the runoff within each barrel and collecting and a 500-ml
depth-integrated sample. The sediment concentration (mgL™%) of
each sample was determined through wet sieving and filtration
(ASTM D3977-97 Test Method C; ASTM, 2013). The overtopped sed-
iment yield (Mg ha™1) was calculated by multiplying the average sedi-
ment concentration (mgL™%) by runoff volume (L) and dividing by
contributing area. The total sediment yield (Mg ha™%) was the sum of
the sediment deposited behind the fence and the overtopped sedi-

ment yield.

2.5 | Streamflow and suspended sediment

Stage height was continuously recorded at all 12 in-stream monitoring
sites using either capacitance rods (TruTrack WT-HR 1000mm Auck-
land, NZ) or pressure transducers (Model PDCR 1230 Druck) con-
nected to data loggers (CR1000 or CR10X; Campbell Scientific Inc.,
Logan, UT). Rating curves were developed to relate streamflow to
stage height using the sudden-salt injection method (Kilpatrick &
Cobb, 1985) at all sites except for the watershed outlets, where the
velocity-area method (Nolan & Shields, 2000) was employed
(Section S1.2, Table S1, and Figures S1 and S2). Stormflow was sepa-
rated from baseflow by drawing a line with a slope of
0.009 L s~ km™ min~? from the initial rise of hydrograph until the
falling limb of the hydrograph was intercepted (Hewlett &
Hibbert, 1967). Stormflow was used to compute the area-normalised
runoff (Q; mm) and runoff ratio (Q/P). Peak flow (L s~ km~2) was also
computed and includes baseflow.

Turbidity (NTU) was monitored at each of the three primary moni-
toring sites in Skin and Hill Gulch using DTS-12 sensors (FTS Inc., Vic-
toria, B.C.) and data loggers (CR1000 or CR10x; Campbell Scientific
Inc., Logan, UT). NTU was related to suspended sediment concentra-
tions (SSC; mg L™ using concurrently collected NTU values and
suspended sediment samples. Suspended sediment samples were col-
lected using depth-integrated and siphon samplers (c.f., Mackay &
Taylor, 2012) at all primary monitoring sites and automated ISCO sam-
plers at the watershed outlets. Separate rating curves to estimate SSC
from the measured NTU values were developed for Skin and Hill Gulich.
Due to unusually high SSC samples in Hill Gulch, two NTU-SSC rating
curves were developed to represent the “high” (i.e., all samples) and
“low” (i.e., SSC <10,000 mg L™1) scenarios (Figure $2 and Table S1). For
more detailed information, see supplemental methods (Section 51.3).

Area-normalised in-stream suspended sediment yields (SSY;

Mg ha~?) were calculated for each site-event as:

32(55C; x Q)

_ i
Sy — (3)

where SSC; is the suspended sediment concentration (mg L™, Q; is
the volume of streamflow (L) for the sample interval, and A is the
drainage basin area (ha).

To help indicate the possible sources of sediment, SSC was plot-
ted as a function of streamflow during the rising and falling limbs of
each event hydrograph. This relationship is often hysteretic, and the
direction of the loop from rising to falling limb can be used to infer
sources of sediment (Williams, 1989): clockwise loops indicate
remobilisation of in-stream sediment because this sediment is readily
available, whereas counterclockwise loops indicate the predominance
of hillslope inputs because this sediment takes longer to reach a stream
(Beel et al., 2011; Duvert et al., 2011; Williams, 1989). Secondary hys-
teresis patterns for a single storm (e.g., a clockwise loop followed by a
counterclockwise loop) indicate multiple sources of sediment.

Sediment delivery ratios (SDRs) were computed as a means of
estimating how much of the eroded hillslope or upstream sediment
was delivered downstream. Hillslope-to-stream SDRs and upstream-
to-downstram SDRs were calculated as the sediment yield (Mg ha™?)
at each primary monitoring site divided by, respectively: the sediment
within  the
(Walling, 1983); and the sediment yield of each upstream primary

yield at each monitored hillslope catchment
monitoring site. SDRs were multiplied by 100 to report values as per-
centages; higher SDRs indicate more sediment was delivered from a
hillslope or upstream monitoring site. Because the monitored hillslopes
do not cover the full area contributing to the streams, hillslope-to-
stream SDRs should be considered an index of connectivity between

hillslopes and channels rather than an accurate quantity.

2.6 | Channel surveys

In-stream surveys were conducted at five channel cross-sections per

primary monitoring site before and after rain storms using a Cygnus
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2LS Total Station, a handheld Trimble Nomad datalogger and a prism
attached to an adjustable wading rod (accuracy of < 5 mm). Cross-
sectional area was calculated for each survey using linear interpolation
between survey points with the approx function in R Version 3.4.3
(R Core Team, 2017). Cross-sectional areas collected before and after
each rain storm were differenced to determine the net and absolute
changes in cross-sectional area (m?). Changes were normalised by
catchment area (m?) to facilitate comparisons across sites. For more

detailed information, see supplemental methods (Section 51.4).

2.7 | Geographic analyses

Catchment boundaries and channel networks were delineated in
ArcGIS 10.3.1 (ESRI, 2013) using LiDAR imagery with 0.75 m resolu-
tion. Channel networks were derived from a flow accumulation grid
with a minimum drainage area for channel initiation of 0.2 km? as this
matched field observations of channelised flow (Martin, 2018).
Catchment slope was calculated as the average pixel slope for all cells
in a catchment, and channel slope was calculated for 10 m incre-
ments and averaged over the length of interest. We calculated the
percent of each catchment that burned at high severity from a burn
severity map with 25 m resolution (Stone, 2015), and the percent of
each catchment targeted to receive mulch treatments (BAER, 2012)
(Table 1).

Confined channel reaches with limited floodplains may limit
opportunities for storage of runoff and sediment between hillslopes
and channels. The Valley Confinement Algorithm (VCA) (Nagel
et al., 2014) was used to calculate the percent by length of uncon-
fined stream channels within each catchment. Due to processing time
the 0.75 m resolution LiDAR was scaled up to 2 m, and the VCA was

calibrated until the unconfined reaches matched visual field
observations.

Correlation analysis was conducted to evaluate the relationships
between rainfall, runoff and sediment responses, and site characteris-
tics. Relationships between the following were analysed across all
monitoring sites for which the data were available: rainfall event met-
rics, site attributes (Sections 2.7 and S1.1), and response variables
(Sections 2.4-2.6). Data were transformed to natural logarithms to
normalise distributions when needed. Analyses used Pearson's corre-
lation coefficients (r) except for hillslopes, for which Spearman's p was
used because many response variables had values of 0, which limited
the utility of Pearson correlation analyses. Our significance level for

all analyses was p < 0.05.

3 | RESULTS

3.1 | Precipitation

The number of rain storms and total rainfall from June through
September 2015 was similar in Skin and Hill Gulch, as Skin Gulch had
41 events totalling 140 mm and Hill Gulch had 36 events totalling
160 mm. Between 5-11% of these rain storms generated a response
at either a hillslope sediment fence or a primary monitoring site,
corresponding to Ml rainfall thresholds of 7-18 mm h™ (Wilson
et al., 2018). However, most rain storms did not occur simultaneously
in both watersheds, and streamflow responses across all in-stream
monitoring sites were only generated on July 8" and August 16™;
average Ml rainfall for these storms was 6 and 14 mm h™?, respec-
tively (Table 2). We focus on our analysis on these two storms due to
their similar spatial exent and varied rainfall characteristics.

TABLE 2 Rainfall depth (P; mm), maximum 60-minute intensity (Mlgo; mm h™2), runoff (Q; m), runoff ratio (Q/P), peak streamflow (Peak Q;
L s~ km~?) and sediment yield (Mg ha™) at each in-stream monitoring site for the rain storms on July 8" (“July”) and August 16 (“August”).

P (mm) Milgo (mm h™2) Q (mm) Runoff ratio (Q/P) Peak Q (L s~ km™2) Sediment yield (Mg ha™?)
Site July August July August July August July August July August July August
SP1 22 6 5 5 0.01 0.01 0.0002 0.001 8 5 0.0001 0.00001
SP2 19 11 5 12 0.06 0.06 0.003 0.005 21 30 0.0002 0.001
SP3 17 11 5 11 0.12 0.02 0.007 0.002 10 7 0.0002 0.0001
SS1 21 6 6 6 0.06 0.01 0.003 0.002 18 10 - -
SS2 17 8 6 9 0.09 0.01 0.005 0.002 11 6 - -
SS3 17 9 5 9 0.19 0.05 0.01 0.005 13 29 — —
HP1 22 25 6 22 0.36 3.4 0.02 0.1 29 1600 0.003 0.2
HP2 21 23 6 21 0.19 11 0.009 0.05 31 1000 0.002 0.01
HP3 20 21 7 19 0.26 43 0.01 0.2 13 160 0.001 0.03
HS1 20 20 7 19 0.15 0.2 0.007 0.01 21 30 - -
HS2 21 21 7 20 0.04 0.05 0.002 0.002 7 39 - -
HS3 19 19 7 19 0.17 0.4 0.009 0.02 11 160 — —

Note: Site names correspond to those in Figure 1 and Table 1, and “—" indicates data were not collected at these sites.
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3.2 | Production and connectivity of runoff and
sediment
321 | Julyst™: Long duration, low intensity rainfall
The first storm that generated a runoff and sediment response
throughout our monitoring network occurred on July 8, 2015
(Figure 3) with an average of 21 mm of rainfall (range = 16 to 25 mm)
over 11 hours (range = 7 to 14 h). Rainfall was recorded at most rain
gauges during the preceding 6-9 days, and the rainfall on July 8" rep-
resented, on average <34% (range = 156%) of the total rainfall over
that time. The return interval of this rainfall event, estimated from
two nearby NOAA Atlas stations (Site IDs 05-6925 and 05-3007) was
<1 vyear for durations ranging from 5min to 3days (Perica
et al., 2013); for rainfall depths over 4-10 days (48-72 mm) the return
interval increased to 2 years across gauges in Skin Gulch and at mid-
and high-elevation gauges within Hill Guich (Figure 1). Antecedent
precipitation (I,) averaged 49 mm (range = 20 to 64 mm).

This low intensity rainfall event produced limited overland flow.
Hillslope runoff did not overtop the weir at any of the four sediment
and runoff collection sites, but sediment was captured at 10 other sed-

iment fences in Skin and Hill Gulch with an average sediment yield of
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0.01 Mg ha™?. Sediment yields from eight fences in Skin Gulch ranged
from 0.001 to 0.05 Mg ha™?, and yields from two fences in Hill Gulch
ranged from 0.01 to 0.02 Mg ha™! (Table 3 and Figure 4). In contrast
to the hillslopes, all streamflow monitoring sites responded to this
event. Runoff depth averaged 0.2 mm across sites in both Skin and Hill
Gulch, with a range of 0.01-0.2 mm in Skin Gulch and a slightly higher
range of 0.04-0.4 mm in Hill Gulch; on average, only about 1% of the
rainfall became stormflow (Table 2). Peak flow was also similar across
both watersheds with an average of 14 L s~ km™2 (range = 8 to 21) in
Skin and 19 L s7* km™2 (range = 7 to 31) in Hill Gulch (Figure 3). In-
stream sediment yields differed between Skin and Hill Gulch, with an
average of 0.0002 Mg ha™? in Skin (range = 0.0001 to 0.0002) and
0.002 Mg ha~tin Hill Gulch (range = 0.001 to 0.003) (Table 2).
Streamflow and in-stream sediment yields were most strongly cor-
related to rainfall intensity and watershed slope (Table 4). The quantity
of rainfall exceeding a Mls of 10 mm h™* (P > 10; mm) was positively
correlated with Q (mm), Q/P, and in-stream sediment yields for this
storm (r? = 0.64 to 0.97; Table 4). However, across all sites P > 10 was
only 2-4 mm, meaning that the depth of rainfall exceeding the
5-minute intensity threshold of 10 mm h~* was small. Q and Q/P were
slightly more correlated with watershed slope (> = 0.68) than with
P > 10 (? = 0.67 and 0.64, respectively; Table 4). In-stream sediment
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Precipitation, streamflow, and in-stream sediment responses for the rain storm on July 8t in Skin (SG; left) and Hill Gulch (HG;

right). The top panel shows rainfall depth (P; mm), and subsequent panels show streamflow (Q; L s™%), suspended sediment concentration (SSC;

g s71), and hysteresis patterns (inset; Q vs. SSC) for each site with available data. Site names correspond to those in Figure 1 and Table 1. Upper
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July 8" (upper) and August 16 (lower). The in-stream sediment yields for Hill Gulch were calculated from the “high” rating curve

yields were most correlated to P > 10 (? = 0.97) and slightly less cor-
related to rainfall erosivity (= 0.85) and all streamflow metrics
(r* = 0.83 to 0.85; Table 4). Site responses were likely produced by
infiltration-excess overland flow in some parts of the watersheds and
possibly seepage from the soil-bedrock interface (Kampf et al., 2016).

The hysteretic SSC vs. streamflow patterns during this event were
clockwise, indicating the predominance of in-stream sources of sedi-
ment (Williams, 1989) (Figure 3). This is consistent with the limited
hillslope runoff and erosion recorded for the event. Secondary hyster-
esis patterns were also evident at most sites, which may indicate both
in-stream and hillslope sources (Figure 3). However, hillslope-to-
stream SDRs were low (<1-30%) for both Skin and Hill Guich, indicat-
ing that much of the sediment produced at hillslopes was not deliv-
ered to the catchments (Table 3). Hillslope-to-stream SDRs increased
with most rainfall (specifically, Mlsg, Mlgo, erosivity and P > 10) and
runoff metrics (Q, Q/P) and with the percent of a catchment that bur-
ned at high severity (Table 4). Upstream-to-downstream SDRs were
higher, at 50-70% in Hill Gulch (Table 3) and 100-200% in Skin Guich,
indicating high connectivity of sediment transport along the channel
and additional sediment inputs at downstream locations.

Changes in the cross-sectional areas of channels further support
the finding that sediment generated during this event was primarily
from in-stream sources. Surveyed cross-sections reveal average net
changes of -0.11 m? (range = -0.33 to 0.05, Table S4, and
Figures S3-S8) indicating the predominance of stream incision. The
number of sites with incision throughout Skin and Hill Gulch was simi-
lar (67%), but the sum of incision (m?) and absolute change (m?) across
all cross-sections within Skin were only about half of those observed
in Hill Gulch (Table S4) consistent with the slightly higher runoff
values recorded in Hill Gulch. Area-normalised absolute change
increased with Mls (> = 0.83) and the percent of a catchment that
burned at high severity (? = 0.92; Table 4).

322 |
rainfall

August 16™: High intensity, short duration

The second rain storm with responses from hillslope to watershed
scale in both watersheds had greater rainfall intensity and peak flow
than observed during the July 8™ event, with the highest rainfall
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TABLE 3 Hillslope sediment yields

(SY; Mg ha™?) and hillslope-to-stream July 8% August 16™
sediment delivery ratios (SDR; %) for the In-stream site Hillslope SY (Mg ha™%) SDR (%) SY (Mg ha™?) SDR (%)
July 8" and August 16™ rain storms. For P2 SP2-a 0.009 2 o _
in-stream sediment yields refer to
Table 2; SP1 is not shown here because 5P2-b 0.003 7 0 -
none of the associated hillslopes SP2-c 0.005 4 0.004 25
produced measurable sediment during SP2-d 0.02 1 0.08 1
either rain storm. p3 SP2-a 0.009 2 0 _
SP2-b 0.003 7 0 =
SP2-c 0.005 4 0.004
SP2-d 0.02 1 0.08 0.1
SS1-a 0.05 0.4 0 =
SS1-b 0.006 3 0 =
SS1-c 0.003 7 0 =
SS1-d 0.001 20 0 =
HP1 HP1-a 0 - 0.006 3000
HP1-b 0 - 0.3 70
HP1-c 0 - 1.7 10
HP1-d 0 - 0.007 3000
HP2 HP1-a 0 = 0.006 200
HP1-b 0 = 0.3 &
HP1-c 0 = 1.7 1
HP1-d 0 = 0.007 100
HP3 HP1-a 0 - 0.006 500
HP1-b 0 - 0.3 10
HP1-c 0 - 1.7 2
HP1-d 0 - 0.007 400
HS3-a 0.02 5 0.4 8
HS3-b 0 - 0.1 30
HS3-c 0 - 0.03 100
HS3-d 0.01 10 0.06 50
HS3-e 0 - 0.8 4
HS3-f 0 - 1 3
HS3-g 0 - 0.01 300

Note: Hillslopes are named for the nearest in-stream monitoring site, and SY is reported as the sediment
deposited behind the fence except for HP1-c on August 16, where SY represents the sum of the
deposited and overtopped sediment. “—” indicates SDR was incalculable due division by zero.

intensities and peak flows in Hill Gulch (Table 2 and Figure 4). This
event occurred on August 16, 2015 in response to an average of
15 mm (range = 4 to 26) of rainfall over 1 hour (range = 0.4 to 2.3 h;
Figure 5). The return interval of this storm was between 5-10 years
for maximum rainfall intensities over 5- to 15-minutes (i.e., Mls and
Mlys) and <1-5 years for longer time intervals (i.e., Mlsg, Mlgo and
0.5-3 h depths; Perica et al., 2013). In Hill Gulch, Mls averaged
124 mm h™?! (range = 116 to 128), and Ml,5 averaged 71 mm h?
(range = 69 to 72); rainfall intensity in Skin Gulch was slightly lower
with average Mls of 72 mm h™?! (range = 22 to 149) and average Ml;5
of 38 mm h™! (range = 14 to 77). The greatest rainfall depths and
intensities were measured at the Hill Gulch headwater (HP1) and

intermediate (HP2) primary monitoring sites and near the outlets of
the Skin Gulch intermediate (SP2) and outlet (SP3) primary monitoring
sites (Figure 4). Antecedent precipitation (I,) averaged 29 mm
(range = <1 to 115), which was significantly lower than the July 8"
event.

Runoff and erosion were produced at many hillslopes during the
August 16 storm, particularly in Hill Gulch. Sediment was collected
at just two out of 20 sediment fences in Skin Gulch with a range of
0.004-0.08 Mg ha™! (x =0.04 Mgha™1), while all 11 sediment fences
in Hill Gulch produced much greater sediment vyields of 0.01--
1.3Mgha! (x = 0.4) (Table 3 and Figure 4). Runoff and sediment
overtopped the weir at one of the two hillslope runoff and sediment
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FIGURE 5

Precipitation, streamflow, and in-stream sediment responses for the rain storm on August 16" in Skin (SG; left) and Hill Gulch

(HG; right). The top panel shows rainfall depth (P; mm), and subsequent panels show streamflow (Q; L s™%), suspended sediment concentration
(SSC; g s™1), and hysteresis patterns (inset; Q vs. SSC) for each site with available data. Site names correspond to those in Figure 1 and Table 1.
Upper and lower lines for SSC at Hill Gulch primary monitoring sties (i.e., HP-) represent “high” and “low” rating curve estimates, respectively.

The y-axis limits are consistent across sites where possible; shaded panels indicate a much larger range of values

collection sites in Hill Gulch (HP1-c; Table 3 and Figure 4): Q was

~1. and the total sediment

6 mm; overtopped sediment was 0.6 Mg ha
yield was 1.7 Mgha™%. Over all hillslope monitoring sites, sediment
yield (Mgha™?) was higher than observed on July 8™ and increased
with rainfall intensity (Mlsg_¢o; Table S2).

In-stream runoff and sediment production values within Skin
Gulch were similar or slightly lower than July 8t (Table 2, Figures 3
and 7). In contrast, streamflow within Hill Gulch was orders of magni-
tude higher on August 16" than on July 8" with average Q of 1.6 mm
(range = 0.05 to 4.3) (Figure 4), runoff ratio of 0.07 (range = 0.002 to
0.21), and peak flow of 500 L s~ km~2 (range = 30 to 1600) (Table 2).
In-stream sediment yields ranged from 0.00001 to 0.001 Mg ha™! in
Skin and were much higher in Hill Gulch at 0.01-0.2 Mgha™?!
(Figure 4 and Table 2). Across all sites, each runoff variable (i.e., Q,
Q/P, and peak flow) increased with all rainfall metrics (> = 0.67 to
0.89). Sediment vyields also increased with all rainfall (> = 0.88 to
0.95) and runoff metrics (r> = 0.93 to 0.98) (Table 4).

Similar to the July 8" event, most hysteretic patterns between
SSC and streamflow at the primary monitoring sites during the August

16" event were clockwise, indicating in-stream sources of sediment.

The exceptions were the Hill Gulch headwater (HP1) and Skin Gulch
intermediate (SP2) sites, which had predominantly counterclockwise
loops, indicating the prevalence of hillslope inputs. Secondary loops
were observed at most sites, indicating sediment was delivered from
both in-stream sources and hillslopes (Figure 5). SDRs from hillslopes
to streams were much lower in Skin (<1-30%) than in Hill Gulch
(<1-3000%; Table 3). Higher hillslope-to-stream SDRs in Hill Gulch
are probably due to higher rainfall intensities (Figure 4), greater runoff,
and therefore greater sediment yields (Tables 2 and S2) in Hill Gulch
as compared to Skin Gulch. Catchments with high hillslope-to-stream
SDRs in Hill Gulch also contained a lower percent of unconfined chan-
nel length (Table 1), indicating fewer potential locations for sediment
deposition between hillslopes and channels.

Average SDRs from hillslopes to streams for Hill Gulch headwater
(HP1), intermediate (HP2) and outlet (HP3) were 1,000%, 80%, and
100% (Table 3), respectively, indicating much greater sediment yields
from catchments than hillslopes for the headwater site (HP1). This is
probably due to the high rainfall intensities and sediment vyields in
HP1 as compared to other parts of the watershed (Figure 4).
Upstream-to-downstream SDRs in Hill Gulch ranged from 5% to



2 | WILEY

300% with the highest value for the watershed outlet (HP3; Table 3).
Conversely, upstream-to-downstream SDRs decreased downstream
in Skin Gulch with values of 10,000% for the intermediate Skin Gulch
site (SP2) and 10% for the outlet (SP3). Similar to July 8, hillslope-to-
stream SDRs increased with the percent of a catchment that burned
at high severity (Table 4).

In-stream surveys predominantly reveal deposition during the
August 16™ event. All cross-sections in Skin Gulch had deposition
with an average of 0.1 m? (0.03-0.4; Table 4). Most (73%) of the
cross-sections in Hill Gulch had deposition with an average of 0.3 m?
(0.1-0.7 m?), or 300% greater than sites in Skin Gulch for this event
(Table S4 and Figures S3-S8). Cross-section-specific deposition during
this event was four times higher than the July 8™ event across sites in
Skin Gulch, and eight times higher across sites in Hill Gulch (Table 4
and Figures S3-S8). Normalised net and absolute changes in cross-
sectional area increased with the percent of a catchment that burned
at high severity (Table 4).

4 | DISCUSSION
41 | Event magnitudes and channel responses
with comparisons to other regional studies

Streamflow from commonly occurring rainfall events is generally
higher post-fire (Hallema et al., 2017; Leibowitz et al., 2018; Moody &
Martin, 2001a), but this effect decreases over time. Our study took
place during the third-year post-fire, when runoff responses had
already started to decline. Peak flows at the outlets of Skin and Hill
Gulch for the July 8™ event were lower than 2-year regional peak
flow estimates (https://streamstats.usgs.gov/ss/ ). For the August
16" event, peak flow was 280 L s~* km~2 at the outlet of Hill Gulch
(HP3) which is between the 2- and 5-year peak flow estimates for this
location of 111 L s™* km™2 and 360 L s~* km™2, respectively. For com-
parison, the snowmelt runoff peak for HP3 in 2015 was 82 Ls?t
km~2. At the outlet of Skin Gulch (SP3), snowmelt runoff in 2015
exceeded the peak flow of both storms documented here at
58 Ls™* km™2 for comparison, the 2- and 5-year regional peak flow
estimates for SP3 are 83 and 238 L s~ km™2, respectively.

The peak flows we observed in post-fire year 3 were similar to
observations within other Colorado Front Range fires (Kunze &
Stednick, 2006; Moody & Martin, 2001a) and lower than those
observed in post-fire years 0-1 of the High Park Fire (Brogan
et al., 2017). Precipitation and streamflow were available for compari-
son from two watersheds (26.8 and 122.4 km?) of the 1996 Buffalo
Creek Fire for post-fire years 0-4 (Moody & Martin, 2001a) and from
two watersheds (2.2 and 3.9 km?) of the 2000 Bobcat Fire for post-
fire years 0-2 (Kunze & Stednick, 2006) (Figure 6). For events with
similar maximum 30-minute rainfall intensity (Mlso), peak flow during
the July 8™ event was slightly higher than comparable rainfall events
within the Buffalo Creek Fire (post-fire years 1-4) and Bobcat Fire
(post-fire year 1) (Figure 6). During the August 16 event, peak flow
was similar to, or slightly higher than, comparable rainfall events
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FIGURE 6 Area-normalised peak flow (L s~* km~2) vs. maximum
30-minute rainfall intensity (Mlgo; mm hr™%) by year post-fire (Year)
for three fires in the Colorado Front Range: the 1996 Buffalo Creek
fire (Buffalo); the 2000 Bobcat fire; and the 2012 High Park Fire. The
data consist of: two watersheds each from the Buffalo Creek (26.8
and 122.4 km?) (Moody & Martin, 2001a) and Bobcat fire (2.2 and
3.9 km?) (Kunze & Stednick, 2006); and values for post-fire years 0-1
(15.5 km?) (Brogan et al., 2017) and Table 1 for the High Park Fire

within the Buffalo Creek Fire (post-fire years 1-4) and Bobcat Fire
post-fire years 0-2 (Figure 6).

Peak flows in the High Park Fire during post-fire years 0-1 were
orders of magnitude higher than many of those observed during post-
fire year 3 (Table 2). In post-fire year O, peak flow from a 2-year storm
was 28,000 L s~* km~2 and led to widespread deposition in channels
and floodplains of the lower reaches. In post-fire year 1, a long-
duration mesoscale storm with a return interval of at least 200 years
occurred over a week in mid-September 2013; peak flow was 5,700
Ls™? km™2 and led to extensive channel incision and migration
(Brogan et al., 2017) (Figure 6 and Section S$1.2). The more limited
streamflow responses observed in post-fire year 3 as compared to
years 0-1 could be due to differences in rainfall and vegetative
regrowth; however, the patterns of responses were consistent as high
intensity rainfall led to in-stream deposition and low intensity rainfall
led to channel incision.

Sediment yields in this study were generally lower for in-stream
sites than hillslopes, which contrasts with the general pattern
observed across the western US by Moody and Martin (2009). That
study found average post-fire sediment yields were higher for chan-
nels at 240 Mg ha™? (range = 0.12 to 2800) than for hillslopes at
82 Mg ha™?! (range = 0.03 to 670). Hillslope sediment vyields in our
study averaged 0.24 Mg ha™! (range = 0.001 to 1.7), whereas maxi-
mum in-stream sediment yields during the July 8" and August 16"
event were 0.003 and 0.2 Mg ha™?, respectively (Table 3). In-stream
sediment yields in the Bobcat Fire, which were only reported for post-

fire year 1 (compared to post-fire year 3 for our observations), were
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higher at up to 0.4 and 1 Mg ha™? in Bobcat (2.2 km?) and Jug Guich
(3.9 km?), respectively (Kunze & Stednick, 2006). Disparities in the rel-
ative magnitudes of hillslope and in-stream sediment yields may
reflect the timing of observations post-fire, variable recovery times
for streamflow vs. sediment responses, or legacy effects from previ-
ous rainfall events. The hillslope erosion we observed was relatively
limited because our observations were collected two years after peak
post-High Park Fire erosion occurred (Schmeer et al., 2018). In the
first two years after the High Park Fire, deposition was common dur-
ing convective storms (Brogan et al., 2017; Kampf et al., 2016), and
this sediment could easily be eroded and transported during subse-
quent storms. Net export of sediment from streams during post-fire
year 3 is supported by the SDR values >100% that we observed.

4.2 | Connectivity

421 | July 8™ Low intensity precipitation leads to
low hillslope-to-stream connectivity and high
upstream-to-downstream connectivity

During the July 8" event, hillslope-to-stream connectivity of runoff
and sediment was low, as indicated by low hillslope erosion and low
SDRs (Table 3). Upstream-to-downstream connectivity was higher but
varied between watersheds (Figure 7). In-stream runoff (mm) and sed-
iment yields (Mg ha™?) generally increased with drainage area in Skin
Gulch, indicating high upstream-downstream connectivity, whereas
the opposite was true in Hill Gulch (Figure 7). While Q was positively
correlated to P > 10 (mm) across all sites, rainfall was below the post-

fire year three Mlyg thresholds of 7-10 mm hr~! for watershed-scale

Q production (Wilson et al., 2018; Table 2). The runoff generated
from the relatively low intensity rainfall on July 8" was probably facili-
tated by the high antecedent precipitation in the days prior to this
storm. Wet antecedent conditions such as these contributed to sub-
stantially higher runoff in an unburned semiarid catchment (2.8 km?)
in New Mexico (Schoener & Stone, 2019) and reduced rainfall thresh-
olds for the generation of streamflow during post-fire years 2-4 of
the High Park fire (Wilson et al., 2018). Streamflow was more strongly
correlated to watershed slope than to precipitation metrics for this
event (Table 4), suggesting that runoff generation was localised in
steeper parts of the watersheds.

Since little to no sediment entered the channel from hillslopes on
July 8™ the stream had sufficient sediment transport capacity to
incise stream bed sediments (Table S4 and Figure S3-S8). In-stream
sources of sediment are supported by the SSC-streamflow hysteresis
patterns (Figures 3 and 7) and the significant increases in cross-
sectional area with increasing streamflow (Table 4). The longer-
duration and widespread rainfall (Figure 4), combined with the pre-
dominantly in-stream sources of sediment, support greater upstream-

downstream connectivity.

422 | August 16™: High intensity rainfall leads to
high hillslope-to-stream connectivity and spatially
variable upstream-to-downstream connectivity

Rainfall intensities during the August 16™ event exceeded the esti-

mated Mlgo rainfall thresholds for streamflow production of
7-10 mm hr~ (Wilson et al., 2018) at all but the two headwater sites

in Skin Gulch (SP1, SS1) (Figure 1 and Table 2). These two headwater
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FIGURE 7 Runoff (mm) and sediment yields (Mg ha™2) vs. drainage area (km?) by rain storm (July 8" and August 16™) in Skin and Hill Gulch.
The colors and numbers in the plots represent the primary (red; SP- or HP-) and secondary (blue; SS- or HS-) monitoring sites, and correspond to
those in Table 1 and Figure 1. The lines between sites represent upstream (-1) to downstream (-2, -3) connectivity. The asterisk represents
hillslope runoff and sediment production from HP1-c and the circles represent sediment fences
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sites had the lowest runoff (mm) and sediment yields (Mg ha™) of any
site (Figure 7), however production in Skin Gulch peaked just down-
stream at the intermediate site (SP2) (Figure 7). Despite high intensity
rainfall between this site (SP2) and the watershed outlet (SP3)
(Figure 4), runoff and sediment were attenuated, as indicated by
decreasing upstream-to-downstream SDRs (Figure 7). In Hill Gulch,
runoff (mm) and sediment yields (Mg ha™?) were lowest at the inter-
mediate sites (HP2, HS2), but increased towards the watershed outlet
(HP3) (Figure 7). Production at HP3 increased with additional inputs
of runoff and sediment from HS3 (Figures 1 and 7), which had 83% of
its area burned at high severity (Table 1). Rainfall and high burn sever-
ity were probable controls on the production of runoff and sediment:
aside from the percent of a catchment that burned at high severity,
neither hillslope nor in-stream production metrics were related to any
watershed attributes, whereas production uniformly increased with
rainfall (Tables S2, 4).

Hillslope-to-stream sediment connectivity, as indicated by SDRs
(Table 3), decreased with the percent of channel that was unconfined
(Table 4), potentially due to storage of hillslope sediments in uncon-
fined valley bottoms and near channel corridors. However, in Hill
Gulch 60% of hillslope-to-stream SDRs were >100% (Table 3), indicat-
ing sediment yields were higher for in-stream sites than for the associ-
ated hillslopes. Upstream-downstream SDR was >100% at the outlet
of Hill Gulch (HP3). These elevated in-stream sediment yields, which
increased with all rainfall metrics and peak flow, may partially be
attributed to observed stream bank erosion (Tables 4, S4 and
Figures S3-S8).

Upstream-to-downstream SDRs were generally lower than
hillslope-to-stream SDRs because sediment delivered to streams was
deposited in-stream before reaching the watershed outlet (Tables 4,
S4 and Figures S3-S8). In-stream sediment deposition (Table, S4 and
Figures S3-S8) and fining (Section S1.4 and Figure S9) were greatest
at the Hill Gulch headwater (HP1) and intermediate (HP2) sites, indi-
cating decreased transport capacity. A culvert upstream of HP2
(Figure S7) may have caused water to back up, inducing deposition
and reducing sediment yields. Decreased transport capacity and sup-
ply of fine sediment is supported by the downstream decline in SSC in
Hill Gulch. Fine sediment deposition was lowest at the watershed out-
let (HP3) likely due to convergence of streamflow from HS3 (Figure 4)
and subsequent high transport capacity, as indicated by increases in
the percent cobble and movement of large woody debris (Video S1,
Section $1.4, and Figure S9).

4.3 | Wildfire effects on connectivity

Several results from this study suggest that the 2012 High Park fire
was continuing to affect runoff and sediment responses during both
the July 8" and August 16 storms. The percent of a watershed that
burned at high severity was correlated with increased hillslope-to-
stream SDRs and greater area-normalised cross-sectional change
(Table 4). This is consistent with other studies that show increased

bare soil after disturbances such as wildfire promotes hillslope erosion

(Williams et al., 2016) and connectivity of runoff and sediment from
hillslopes to channels (Ortiz-Rodriquez et al., 2019). For regions with
spatially variable, high intensity rainfall (Osborn & Laursen, 1973) such
storms can produce localised hillslope erosion (e.g., Figure 4) and sub-
sequent deposition of sediment within channels when the sediment
delivered from hillslopes exceeds in-stream transport capacity. The
relationship between high burn severity and channel change was
observed for primary sites within Skin and Hill Gulch as the percent
high severity burn (Figure 1 and Table 1) and channel change were
highest for the headwater catchments (SP1, HP1) and generally
decreased towards the watershed outlets (SP3, HP3) (Table S4 and
Figures S3-S8).

The increases in connectivity after wildfire should be similar in
many post-fire environments, but this study suggests that the extent
of connectivity will vary with the amounts and intensity of rainfall and
antecedent precipitation. In areas with high intensity convective rain-
fall, overland flow will produce hydrographs that rise and fall quickly;
the limited spatial extent of these storms and changes in channel gra-
dient can be expected to cause sediment deposition further down-
stream. In wetter regions, more sustained streamflow may occur and
result in less in-stream aggradation. The spatial and temporal varia-
tions in post-fire responses warrant a nested sampling approach for
the examination of runoff and sediment connectivity. Nested sampling
will allow both a comparison of responses throughout a watershed,
and an understanding of the processes controlling the transport of
runoff and sediment into and through a stream channel network. This
understanding is crucial to predicting the effect of wildfires on down-
stream resources of concern, and can help prioritise areas where miti-

gation or restoration activities can have the greatest benefit.

44 | Uncertainties

In the dynamic post-fire environment obtaining accurate measure-
ments of runoff and sediment transport is extremely difficult, and the
values presented here have fairly high uncertainty. Hillslope runoff
measurements are affected by the accuracy of the weir equation and
stage readings from cameras, which exclude any water that ponds or
infiltrates inside the sediment fence (e.g., Wilson et al, 2020).
Streamflow and in-stream sediment yields are affected by the accu-
racy of the rating curves. When streams are subject to incision and
deposition, such as in a post-fire environment, the stage-streamflow
relationships may vary as the cross-sectional area changes between
storms. In this study, the magnitude of cross-sectional change
observed did not produce noticeable offsets in the stage-streamflow
rating curves leading up to the August 16" event. For this storm, rat-
ing curves had to extrapolated to obtain the highest streamflow
height
(Section S1.2). The greatest uncertainty was for the in-stream sedi-

values, as stage exceeded observed measurements
ment yields: for the August 16" event, sediment concentrations at
the highest flows were obtained from siphon samples, which generally
had higher SSC than samples obtained by the ISCOs or depth-
integrated samplers (Figure S2). Accurate measurement of post-fire
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peak flows and sediment yields remains difficult given the short dura-
tion of most storms, difficulty of field sampling, rapid changes in
cross-sectional area, and limitations of point-based samples as com-

pared to depth-integrated samples.

5 | CONCLUSIONS

This research examined the connectivity of post-fire runoff and sedi-
ment from hillslope through watershed scales during the third summer
after the 2012 High Park Fire in northcentral Colorado. We identified
sources and quantified magnitudes of runoff and sediment during two
rain storms with very different intensities, durations, and antecedent
precipitation. The first rain storm was low intensity and long duration
(x = 11 h; return interval of <1-2years), and led to low hillslope sedi-
ment yields, limited hillslope-to-stream connectivity, and widespread
channel incision because channel transport capacity exceeded hill-
slope sediment supply. The second storm was high intensity and short
duration (x = 1h; return interval <1-10vyears), and led to: infiltration-
excess overland flow, higher hillslope sediment yields with greater
hillslope-to-stream sediment delivery ratios, and net aggradation
within the stream channel at most sites, but not all. For this storm,
sediment supply relative to transport capacity varied along the chan-
nel network: unconfined reaches of the channel network were associ-
ated with reduced delivery of sediment from hillslopes to streams,
and increased streamflow and transport capacity occurred down-
stream from confluences. For both storms, the percent of a catchment
that burned at high severity increased both hillslope-to-stream SDRs
and the absolute area of cross-sectional channel change. These find-
ings highlight the utility of nested monitoring for quantifying the con-
nectivity of runoff and sediment in post-fire environments. The
resulting data can improve our understanding of the processes that
affect the spatial and temporal variability of post-fire responses. This
greater understanding can improve our ability to predict downstream
effects and guide post-fire mitigation and protective treatments to
those areas where they can have the greatest benefit for protecting

downstream receiving waters.
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