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Executive Summary

In September 2013, the Colorado Front Range experienced a five-day storm that brought
record-breaking precipitation to the region. As a consequence, many Front Range streams
experienced flooding, leading to erosion, debris flows, bank failures and channel incision. |
compare the effects that debris flows and flooding have on the channel bar frequency,
frequency and location of wood accumulation, and on the shape and size of the channel along
two flood impacted reaches located near Estes Park and Glen Haven, Colorado within the RMNP
and the ARNF: Black Canyon Creek (BCC) and North Fork Big Thompson River (NFBT). The
primary difference between the two study areas is that BCC was inundated by multiple debris
flows, whereas NFBT only experienced flooding. Fieldwork consisted of recording location and
size of large wood and channel bars and surveying reaches to produce cross-sections. Additional
observations were made on bank failures in NFBT and the presence of boulders in channel bars
in BCC to determine sediment source. The debris flow acted to scour and incise BCC causing
long-term alteration. The post-flood channel cross-sectional area is as much as 7 to 23 times
larger than the pre-flood channel, caused by the erosion of the channel bed to bedrock and the
elimination of riparian vegetation. Large wood was forced out of the stream channel and
deposited outside of the bankfull channel. Flooding in NFBT caused bank erosion and widening
that contributed sediment to channel bars, but accomplished little stream-bed scour. As a
result, there was relatively little damage to mid-channel and riparian vegetation, and most large

wood remained within the wetted channel.
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Statement of the Problem

In September 2013, the Colorado Front Range experienced a five day storm event that dropped
a record-breaking cumulative rainfall of 20-45 centimeters (Anderson et al., 2015). September is
usually much drier, with average total precipitation of about 4 centimeters (Scott, 2013). The
storm lasted from September 9t through September 15™, falling most intensely between
September 11" and September 13™. This storm caused landslides, debris flows, bank failures,
and channel incision (Gartner et al., 2015). Gorchis et al. (2015) noted property damage and
infrastructure along the length of the Front Range, including areas within the Rocky Mountain
National Park (RMNP) and the Arapaho-Roosevelt National Forest (ARNF).

| compare the effects that debris flows and flooding have on the channel bar frequency,
frequency and location of wood accumulation, and on the shape and size of the channel along
two flood impacted reaches located near Estes Park and Glen Haven, Colorado within the RMNP
and the ARNF: Black Canyon Creek (BCC) and North Fork Big Thompson River (NFBT) (Figure 1).
The primary difference between the two study areas is that BCC was inundated by multiple
debris flows, whereas NFBT only experienced flooding.

In the past 60 years, fifteen other rain events have occurred that exceeded the total annual
precipitation for the region (NCAR, 2007). The most deadly flood occurred in the summer of
1976, just downstream of Estes Park, Colorado. In 4 % hours, 12 inches of rain fell in Big
Thompson Canyon, a seventy square mile area. The rain entered the Big Thompson River and
was channelized by the canyon, creating a flash flood that claimed 144 lives (National Park
Service, 2014).

Colorado’s flood history calls to the importance in understanding the in-stream impacts of

flooding and debris flows and the potential dangers these impacts pose for us. Thus, improved



understanding of landscape response to increased precipitation, and subsequent landslides and

debris flows, is essential for the improvement of future resiliency of flood prone areas.

Study Area

Both field sites are within the boundaries of RMNP and ARNP with rivers flowing southwest
from the Mummy Range. The areas studied in BCC and NFBT are both largely free of
infrastructure with a few exceptions including a children’s summer campground along NFBT, a
water treatment plant in BCC, and a few cabins and various hiking trails within both study areas.
Vulnerable infrastructure, including private residences, a ranch, and roads, are located
downstream of both reaches. The town of Estes Park lies in the lower part of BCC's watershed

and the town of Glen Haven lies below the NFBT watershed.

Black Canyon Creek (BCC) setting

The 22.5 km? BCC basin originates from Mummy Ridge, between Mummy Mountain and Hagues
Peak. BCC flows into Fall River and drains into Big Thompson River in Estes Park, Colorado. The
study reach is 2.2 river kilometers long and the elevation ranges from 2511 meters at the most
upstream reach, Reach 1, to 2398 meters at the most downstream reach, Reach 5 (Figure 2).
The study reaches range from 78 to 177 meters long. Slope values vary throughout the study
area from shallower, more uniform segments, to sharp slope breaks seen at small bedrock cliff
waterfalls. The slope at Reach 1, just downstream of where the debris flow enters BCC, is 0.02
(Table 1). The average slope increases to 0.04 and then 0.06 moving downstream, as bedrock
and waterfalls are expressed. Reach 5 has the shallowest slope of 0.01 (Figure 2). The study area

makes up about 10% of the entire stream which is 20.2 river kilometers long.

Before the flood, and subsequent debris flow, BCC had a diverse riparian zone of grasses,

shrubs, aspen (Populus tremuloides), ponderosa pine (Pinus ponderosa) and lodgepole pine



(Pinus contorta) (Figure 3). The upper portion (the first 11.5 kilometers) shows little flood
impact, lacking evidence of bank failures and lateral erosion on 2001 Google Earth imagery. The
middle portion of the watershed was inundated in 2013 by a total of three debris flows (Ryan,
2015) (Figure 2). The longest and more destructive debris flow, Debris Flow 1, appears to
originate from a colluvium hollow failure along MacGregor Mountain and travelled 1.8
kilometers before reaching the main stem of BCC from the right bank. Deposition at the
confluence of the debris flow and BCC includes a mixture of wood debris and boulders, as well
as adjacent scour (Figure 4). The channel portion just below the debris flow appears to be
scoured up to 10 meters (Ryan, 2015). Scour and deposition continues throughout the entire

study area (Figure 5).

North Fork Big Thompson (NFBT) setting

NFBT basin is about 46 km? (above Glen Haven, Colorado) (Soule, 1976). It originates between
Rowe Peak and Hagues Peak and flows in a general southeast direction (Clausen, 2012). The
study area is composed of 5.4 river kilometers and has an elevation change from 2475 meters at
the most upstream segment, to 2312 meters at the most downstream segment (Figure 2). The
study reaches range from 55 to 251 meters long. The slope at Reach 1 is 0.01 (Table 2). Most of
the study area has a similar slope throughout, but at Reach 5 the slope increases to 0.04 due to
valley narrowing caused by adjacent bedrock hillslopes (Figure 2). Overall, the study area in BCC
has a steeper slope than the NFBT study area. The study area makes up about 8% of the entire

stream which is 38 river kilometers long.

Channel widening and re-working of floodplains is not readily apparent in the headwaters of the
NFBT on 2011 Google Earth imagery until about two-thirds of the way downbasin, and about
two kilometers upstream of the study area (Ryan, 2015). The more readily-apparent disturbance
begins at approximately the lower end of the glacial drift area, suggesting a geologic control on

3



channel response here (Ryan, 2015). Landsliding is not prevalent on the 2011 Google Earth
imagery along this reach, but there are noticeable bank failures from channel widening and loss

of riparian forest along the lower portion (Figure 6).

Peak flow estimates for BCC and NFBT

Using peak flow data obtained from the U.S. Geological Survey (USGS) and the Natural
Resources Conservation Service (NRCS), Yochum and Moore (2013) estimated peak flow
discharges for over a dozen rivers impacted by the 2013 Front Range Flood. They applied the
critical depth method using a single cross-section, implementing high water marks at each
location and replicating flow estimates for several adjacent cross-sections to confirm
consistency in the estimations. High-intensity rain events in mountainous topography,
commonly occur at elevations below 2300 meters in the Colorado Front Range. However, high
discharges were computed at some locations with higher elevations, like Estes Park and Glen

Haven areas, both within my study areas (Yochum and Moore, 2013).

Yochum and Moore (2013) did not estimate peak flow discharge for BCC, but they did estimate
peak flow discharge for Fox Creek, which is located three kilometers north of BCC and has a
similar catchment area of 18.6 kilometers squared. Flow data were taken at three adjacent
locations in Fox Creek with an average peak flow of 99 cubic meters per second (cms) (Yochum
and Moore, 2013). Using Fox Creek as a reference for discharge, the estimated minimum peak
discharge in BCC was 119 cms, an estimated 38 times the bankfull discharge. Ryan (2015)

estimated pre-flood bankfull discharge to be 2.5 cms.

The NFBT basin received about ten times its monthly precipitation during the 2013 storm.
Average September precipitation for Glen Haven, Colorado is 4 centimeters, but 43 centimeters

fell in September 2013 (WeatherDB, 2015). Yochum and Moore (2013) measured discharges at



three adjacent section on the NFBT (upstream of Glen Haven, Colorado), with an average peak
flow of 48 cms, an estimated 11 times greater than bankfull discharge. Ryan (2015) estimated

pre-flood bankfull discharge to be 4.5 cms.

Study Background

Previous studies of the 2013 Colorado Front Range Flood

The landscape response to the 2013 flood was so unique in that, in an otherwise inactive
landscape, over 1,100 landslides and debris flows occurred along the Front Range (Anderson et
al., 2015). Anderson et al. (2015) concluded debris flows dominate sediment transport and
channel erosion for canyons along the Front Range and that the total amount of sediment
removed by these landslides and debris flows is equivalent to hundreds to thousands of years of

sediment accumulation.

Another study characterizing debris flows after the 2013 storm was by Coe et al. (2014). The
debris flows initiated in response to high precipitation and all recorded slides began as colluvial
soil failures that liquefied and moved rapidly downslope (Coe et al., 2014). Their inventory
reveals that seventy-eight percent of the failures initiated on south-facing slopes, thirty-eight
percent of the headscarps occurred within Proterozoic Granite, and ninety-seven percent of the
failures occurred in open slopes and swales. Similar conditions are seen along the failure

location of Debris Flow 1 in BCC.

Debris flow and flood effects on river channels, wood, and sediment

Debris flows are infrequent compared to other natural disasters, such as flooding, but cause
significant long-term effects on stream channel morphology (Eaton et al., 2003). In forested
mountain drainage basins, debris flows scour steep headwater channels (Montgomery et al.,

2003) as the BCC study area. The erosive force of a debris flow scours sediment and wood out of



stream channels, and mobilizes and deposits large clasts within the channels, promoting a cycle
between channel degradation and channel aggradation (Benda, 1990). Channel degradation
results in mixed bedrock and boulder bed morphology, and channel aggradation, resulting in a
gravel bed morphology (Benda, 1990). Debris flow deposition has also been characterized by the
deposition of isolated boulder and tree levees (Cenderelli and Kite, 1998). In addition to tree
levees, wood also accumulates as log jams (Montgomery et al., 2003). Abbe (2000) found that
no debris flow formed jams were found in channels with log jam frequencies of greater than 20
jams per kilometer. This indicates that debris flow formed log jams are less frequent within a

stream channel than log jams formed by other processes.

Flooding acts to widen stream channels and promotes bank erosion. Channel widening is the
most common geomorphic response to floods (Magilligan et al., 2015). Channels widen in
response to increases in channel conveyance (Magilligan et al., 2015). Banks that are saturated,
and high flow velocities that are adjacent to banks, contribute to channel widening (Magilligan
et al., 2015). Another reoccurring impact is the entrainment and transport of extremely coarse
clasts, including the deposition of gravel bars. Floods in the Big Thompson River in Colorado,
promote both deposition of coarse sediments in the stream channel, as well as coarse and fine
sediment along the floodplain (Jarrett, 1990). Unlike debris flows, previous studies on flooding
do not report substantial amounts of scour to stream channels. Sediment and debris are
transported and deposited within the stream by accumulating along stream banks and in-stream

vegetation (Jarrett, 1990).



Scope of Work

In cooperation with Dr. Sandra Ryan, a research geomorphologist for the Rocky Mountain
Research Station within the USFS, | surveyed current conditions of two flood-impacted streams,
BCC and NFBT, and assisted in establishing reference areas for monitoring natural recovery

following large-scale, widespread floods.

To ensure the field portion of this project was completed within the summer months, five
reaches within each study area were chosen to map in more detail, rather than mapping each
study area in its entirety. These reaches were chosen with the guidance of Dr. Ryan based on
how well they characterized the overall flood impacts seen throughout the study area. Selected
reaches were either characterized generally, which consisted of documenting channel bar
extent and LW position and extent, or characterized in greater detail with the addition of
multiple cross-section surveys. Five reaches along the BCC and NFBT are a combination of
general and more detailed characterization (Figure 7, Figure 8). In addition to the five reaches in
BCC, a cross section was taken along the river above the debris flow confluence and is referred
to as the ‘reference cross-section’ in this study (Figure 7). After further reconnaissance upstream
in the ‘reference’ reach, | concluded that the single cross-section surveyed is representative of

the reach walked.

To compare the consequences from flooding and debris flows, | compared the spatial patterns
of sediment and wood accumulation in the two streams. | also compared the erosional effects of
flooding and debris flows by comparing the post-flood channel widths and areas in the two
streams. Based on previous studies, | expect BCC to show evidence of channel bed scour and

incision, boulder deposition, and wood debris accumulation along channel banks. In NFBT, |



expect to see channel widening and the accumulation of wood and sediment deposition mostly

instream.

Methods

| combined field observations and field collected global positioning system (GPS) coordinates
with GIS analyses to characterize and count the wood and sediment accumulation along both
streams. Before going in the field, | used aerial photographs from Google Earth, dated October
2013 at a 0.6 meter resolution, and aerial LiDAR flown October 2013 at a resolution of 0.75
meters (USGS, 2015) of each stream to compare and locate erosional features such as bank
failures and lateral widening scars. The areas identified in the desk review were verified through
field visits to determine Reaches 1-5. Fieldwork consisted of characterizing the position and
extent of LW, channel bars, and channel geometry using TerraSync on a Trimble GeoXH unit.
Data points collected with the GPS unit were processed and corrected to improve the accuracy

of the field data, georeferenced, and transferred into ArcMap.

Characterizing position and extent of large wood

Adapting the work of Montgomery (2008) and Schuett-Hames et al. (1999) for surveying LW, |
produced a field data sheet to characterize LW jams (Figure 9). For LW jams, estimates of jam
dimensions (height, width, and length) were recorded by visual approximation or using a
TerraSync on a Trimble GeoXH unit. Four zones were used to characterize LW jam deposition
locations (Figure 10). The jam key piece, if present, size and position within the jam were noted.
In addition, evidence of bank scour or imbedded sediment were also recorded. After fieldwork
was complete, | used ArcGlIS to digitize line segments connecting the points to trace LW jam
boundaries and produce polygons. | compiled the data for depositional location and the number

of LW jams in each of the five reaches along both streams.



Much of the deposited wood in BCC collected as one elongated mass of debris parallel to the
stream, referred to here, as a debris line, and is seen throughout the upper half of the study
area (Figure 11). Because | did not consider debris lines to be jams, | did not include them in my

data collection.

Characterizing channel bar deposition

To see the channel bar frequency per 100 meters, | counted the number of channel bars in each
of the five reaches along both streams using GPS and ArcGIS. To highlight boulder deposition
along BCC, a pebble count was conducted for channel bars within Reaches 1-5 using a
gravelometer and measuring tape. A pebble count was performed along the upstream, middle,
and downstream section of the bar. Grain size data was collected in NFBT using a digital grain
size method. This method proved to be ineffective in measuring cobble to boulder size grains

and is not presented in this study.

Describing channel geometry and slope data for BCC and NFBT

| surveyed eleven cross-sections along BCC and seven cross-section along NFBT. From each
cross-section, bankfull width and average depth are measured. Bankfull was identified as the
point in which the gradually sloping floodplain changes to an abrupt bank edge. In some cases,
this criteria was only visible along one bank due to the other bank being eroded. In these cases,
bankfull estimations were made at the height where bare alluvium and vegetation met. Bankfull
width and average depth were used to obtain width-to-depth ratios and cross-sectional areas,
which were then normalized to the respective drainage area. Lastly, | used ArcGlIS, to obtain the
average river bed slope for each reach. In addition, | used a level and stadia rod to produce
channel cross-sections along selected reaches. Locations were chosen by Dr. Ryan that

characterized the spatial variation of the channel and flood deposits in that reach.



Drainage area was calculated using ArcGIS. | used a 10-meter DEM of Colorado to approximate
the flow network based solely on topography. From this network | extracted points at each
cross-section and stream line intersection. | then used these as pour points to derive estimated

drainage area contributing to flow at each cross-section.

| calculated mean channel bed slope estimates for each reach using ArcGIS (Figure 2). The slope
raster was made from the 10-meter Colorado DEM. Longitudinal profiles are produced based on
the blue stream line in Figure 7 and Figure 8. The profile for BCC starts at the debris flow and
stream confluence to the most southern extent of the watershed (a total of 3005 river meters).
The profile for NFBT starts at Reach 1 and ends just downstream of Reach 5 (a total of 4500 river

meters).

Results

Large wood accumulation and deposition

Large wood in BCC was predominantly deposited outside of the bankfull channel (Zone 4),
whereas in NFBT, large wood accumulated within the wetted channel (Zone 1) (Figure 12). All
LW jams in BCC are recorded outside of the bankfull channel, except one, located within the
bankfull channel (Zone 2). Zone 4 jams accumulated behind alive and upright trees on the
adjacent upland zones, terraces and eroded riparian zone (Figure 13). Half of the LW jams
recorded in NFBT are located within the wetted channel (Zone 1). The remaining LW jams in
NFBT are found within the bankfull channel (Zone 2), directly above (Zone 3) and outside the
bankfull channel (Zone 4). In NFBT, wood located in the wetted channel accumulated behind
stable, upright trees on mid-channel bars, or trail bridges (Figure 14). Some jams were

comprised of a mixture of trail bridge infrastructure and transported wood.
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Comparing the wood in each reach, BCC has more LW jams per 100 meters than NFBT. The
frequency of LW jams per 100 meters in BCC ranged from 0.08 to 3.0 (Table 2). In NFBT the
frequency ranged from 1.1 to 3.1. On average BCC has 1.3 times the amount of LW jams per 100
meters than NFBT. Results from both study areas show an increase in LW jam deposition moving

downstream.

Large clasts accumulation and deposition

Comparing the channel bars in each reach, NFBT has more channel bars per 100 meters than
BCC (Table3). Average channel bar frequency for NFBT was 1.5 per 100 meters and 1.1 for BCC.
The frequency of channel bars per 100 meters in NFBT ranged from 0.06 to 2.2 (Table 3). In BCC
the frequency ranged from 0.05 to 2.4. Along NFBT, many channel bars accumulate along the

opposite bank of bank failures.

Coarse grained sediment and boulder size clasts are recorded throughout the channel bars in
BCC (Table 4). In Reach 1 the channel bar surface was mostly fine to medium gravel (5-11
millimeters). From Reaches 2, 4 and 5 the dominant sediment size observed was very coarse
gravel (45-65 millimeters). Small cobbles (64-128 millimeters) are the dominant grain size in
Reach 3. The largest clasts recorded are in Reach 5 with deposition of small to large boulders,

one measured almost 2 meters in height.

Channel morphology

BCC has a greater mean, and wider range in width-to depth ratio normalized by drainage area
(Figure 15). The mean value is almost double in BCC than in NFBT, at 0.9 versus 0.5, and the data
set for BCC ranges from 0.3 to 1.8 and from 0.3 to 0.9 in NFBT. These results are connected to
the variance in channel cross-section widths, as cross-section depth were a similar value

throughout the study area. In BCC, two cross-sectional widths in Reach 5 are much greater than
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the rest of the study area, at widths of 32 times greater than the corresponding depths (Table
5). The average cross-sectional width is only 12 times greater than the corresponding depth in

BCC. Standard deviation for BCC is 0.5 and 0.3 for NFBT (two-sample t-test, p=0.04).

The normalized cross-sectional area mean and range in data is greater in BCC than NFBT (Figure
16). On average, the normalized cross-sectional area for BCC was 2.5 times greater than values
for NFBT, at 0.5 versus 0.2, and the data set for BCC ranges from 0.2 to 1.5 and from 0.1t0 0.3 in
NFBT. Most of the values for normalized cross-sectional area in BCC concentrate around 0.4, but
is greatest at the debris flow and stream confluence with a value of 1.5 (Table 5). The cross-
sectional area at the confluence was approximately three times greater than the areas at the
other cross-sections. Standard deviation for BCC is 0.4 and 0.1 for NFBT (two-sample t-test,

p=0.01).

Comparing the single reference cross-section in BCC surveyed upstream of the debris flow, to
the cross-sections in the debris flow reach, suggests that the debris flow widened the
downstream reach by 4 to 11 times the pre-debris flow condition. The reference cross-section
was 1.3 meters wide by 0.9 meters deep, with a cross-sectional area of 1.1 square meters. The
average width for the entire study area (from Reach 1 to Reach 5) was approximately 10.7
meters, the average depth was similar to the study area at 0.8 meters with cross-section areas
averaging around seven square meters, but was as high as 23 square meters at the debris flow

confluence (Table 5).
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Discussion

Debris flow and flood effects on wood and sediment accumulation

Past research shows that debris flows scour sediment and debris from a channel. Results of this
study are consistent with this expectation in that in BCC 1) all large wood jams that could
accumulate, did so outside of bankfull channel and 2) by the overall lower frequency of channel
bars per 100 meters compared to NFBT. Throughout the upstream half of the study area, wood
accumulated as levees, or what | called, a debris line. As wood is recruited from the debris flow
source and the riparian zone, it is pushed towards the front and sides of the flow (Johnson et al.,
2012). The upstream portion can be summarized by a steeper slope, with wood levees lining the
adjacent hillslope, and a low amount of LW jam deposition. This portion of the study area is
inferred to be the transport driven portion of the debris flow, rather than the depositional zone
of the debris flow. As the slope in BCC becomes shallower downstream, wood and large clasts
are deposited and accumulate as jams and isolated boulders. Wood debris was eroded by the
debris flow from the adjacent hillslopes and vegetated riparian zones. The wood debris was

transported along BCC and contributes to the high frequency in LW jams per 100 meters.

The floodwaters of the NFBT were less erosive than the debris flow in BCC. Instead of sediment
and wood being scoured from the channel, deposition happened along, and within, the stream
channel. Observation at NFBT support this by 1) half of the LW jams accumulated within the
wetted channel, 2) the higher frequency in channel bars per 100 meters, and 3) lower frequency
of LW jams per 100 meters. | speculate that the lower average frequency of LW jams per 100
meters can be attributed to less scour and incision of the river bed and less erosion of the

riparian zone. By NFBT not being entrenched, the flow had more opportunities to overtop banks
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and deposit wood. Similarly, by the preservation of some streamside vegetation, wood snag

opportunities existed for wood accumulation within the bankfull channel.

Debris flow and flood effects on channel morphology

Debris flow and flooding differently scoured and reshaped the two stream channels. With a
larger watershed area, we expect, and observe, NFBT to have greater cross-section dimensions
than BCC due to the accommodation of a greater influx of water, but normalized cross-section
dimensions are larger in BCC than NFBT because of the effects the debris flow had on BCC. This
is also the case for normalized width-to-depth ratios, again, due to the effects the debris flow
had on BCC. For both the normalized width-to-depth ratio and the normalized cross-sectional
area plots, BCC had a larger distribution and overall greater average than NFBT. This is due the

scouring of the stream bed and lateral erosion of the stream banks by the debris flow in BCC.

Using photos and cross-sectional data from the reference cross-section for BCC as a proxy for
pre-debris flow conditions, the extent to which the debris flow impacted the downstream reach
is substantial. The debris flow acted to remove streamside vegetation and entrench the stream.
If the data from the reference cross-section is similar to pre-debris flow cross-sections
downstream, the debris flow did a considerable amount of incision and lateral erosion. The
change is so great from pre to post-debris flow conditions that the channel impacts are likely to

be more long-term.

Future studies

The study of geomorphic impacts of BCC and NFBT could be furthered by conducting a complete
inventory on large wood accumulation and grain size distribution from the headwaters to the
floodplain. This inventory would provide a detailed report on the spatial distribution of

degradation and aggradation produced during these two events. In addition, an interesting

14



investigation would be to use the large clasts and levee positions to estimate height, velocity,
and stream competency of the debris flow and flooding. This information could be used with
flood reoccurrence intervals to predict when the recently deposited boulders might be
reworked again. By doing studies such as these, a better understanding of the short and long-

term effects to which these two channels have been altered can be obtained.

Conclusion

This study compared the effects that debris flows and flooding have on the channel bar
frequency, frequency and location of wood accumulation, and on the shape and size of the
channel along BCC and NFBT. The channel entrenchment and widening has left BCC
unrecognizable compared to pre-flood stream conditions. All wood has been pushed out of the
channel and deposited as levees and jams outside of bankfull channel. The debris flow widened
and incised BCC. Current channel conditions of BCC are up to 11 times the original width, with
cross-sectional areas 7 to 23 times larger than pre-flood dimensions. Many portions of the
stream are scoured to bedrock. Compared to NFBT, BCC is occupied by fewer channel bars made
up of large clasts, and in-stream and streamside wood and vegetation have been ripped away.
Flooding in NFBT caused bank erosion and widening that fed numerous channel bars, but did
little scour the stream bed. This preserved mid-channel and riparian vegetation, allowing wood

to accumulate within the stream.
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Figure 1. Location of the Black Canyon Creek and North Fork Big Thompson River watersheds. Study areas are outlined in blue.
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Longitudinal Profile, BCC and NFBT
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Figure 2. Longitudinal profile of BCC and NFBT study area highlights the location and mean slope of Reaches 1-5 in both streams.
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Figure 3. Images of Black Canyon Creek. A) Black Canyon Creek in January 2013 before debris flow inundation (Andy, 2013). B) Black Canyon Creek
above the debris flow confluence at the reference cross-section as of August 2015.
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Figure 4. Debris flow and river confluence iagés for Black nyon Creek taken August 2015. A) Taken from the left bank, looking across BCC
towards the debris flow channel. B) Looking upstream at BCC at the large clasts and wood accumulation at the stream and debris flow confluence.
C) Taken from the right bank of BCC at the stream and debris flow confluence facing towards the left bank.
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Figure 5. Scour images for Black Canyon Creek taken August 2015. Examples of the types of effects on BCC from the flood and debris flow. A) Bank
erosion and boulder bar deposition 280 meters downstream of Reach 1. B) An example of incision to bedrock (above blue arrow) and bank erosion
280 meters downstream of Reach 1. C) Riparian vegetation removed by the flood on the left bank and accumulation of LW on the right bank
between Reach 2 and Reach 3. D) Deposition of large boulders and channel widening in Reach 4.
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B
'Fiure 6. Before and after flood image a
between Reach 2 and 3, of channel widening and erosion of streamside vegetation. Yellow arrow

highlighting the base of a tree used as a reference point. A) Before the flood in 2012

(http://hikingcoloradotrails.com/trails/north-fork-trail.php). B) Photo taken during my internship
in August 2015.
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LWD Jam Data Sheet
Stream Name: Date: Page __ of
Recorder: Crewmembers:
. Height i General Broken or
GPSID Stability Zone above Length (m) Width (m) L . Comments
composition building
surface (m)

General Composition Stability Created July 2015 Additional Notes_
WoodLength | Wood diameter R Root system is attached to piece Chelsey DeWitt )
lettercodeand | numeric code B Greater than 50%diameter buried at some point along length

classes (m) and cl (m) - — " "
P Piece is pinned between vertical live or dead structures

(A)0-1 (1)0-0.1 U Unstable

B)1-2 2)0.1-0.2

(B) (2) Zone system

(C)2-4 (3)0.2-0.4

(D)4-8 (4)0.4-0.8 Zone 1 Within wetted portion of channel

(E)8-16 (5)0.8-1.6 Zone2 From water surface to a line connecting the bankfull edges
(F)16-32 (6)1.6-3.2 Zone 3 Directly above Zone 2 to infinity

(G)>32 (7)>3.2 Zone 4 Outside of bankfull channel

Figure 9 Large Wood Jam Field Data Sheet. An example of the LW Jam Data Sheet used in the field to characterize individual LW jams. Adapted
from Montgomery (2008) and Schuett-Hames et al. (1999).
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Figure 10. Criteria for channel zone identification of LW deposition. Zone 1 is defined as the
portion of the bankfull channel that is wetted at the time of the survey. Zone 2 is defined as the
area between the bankfull channel edges on both banks, above the wetted channel surface, and
includes areas such as dry gravel bars. Zone 3 is defined as the area directly above Zone 2 and
typically includes pieces that extend out over the bankfull channel that provide cover. Zone 4 is
defined as the area outside of the bankfull channel and Zone 3, and typically includes the
floodplain, terrace, and/or riparian areas (Schuett-Hames et al., 1999).
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Figure 11. Debris line example in Black Canyon Creek along the right bank. Yellow arrow highlights
elongated pattern of LW deposition that is parallel to the stream flow. Photo taken from left bank
at Reach 1.
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LW Deposition by Zone
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Figure 12. Large wood deposition by zone for BCC and NFBT. Zone criteria defined in Figure 11.
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Figure 13. Large wood jams along Black Canyon Creek. Photos show a range of extent in the
accumulation behind stable, upright trees. A) A LW jam in Reach 4. 5) A LW jam in Reach 5.
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Figure 14. Large wood jams along North Fork Big Thompson. Photos show a range of extent in
the accumulation behind stable, upright trees along and in the stream. A) A LW jam in upstream
of Reach 4. 5) A LW jam in Reach 5.
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Figure 15. Width-to-depth ratio normalized by drainage area. Whiskers represent the range of
data from maximum to minimum value. The box shows the interquartile range of the data. The
upper box is 75" percentile and the lower box is the 25" percentile. The line within the box is the
median.
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upper box is 75" percentile and the lower box is the 25 percentile. The line within the box is the
median.
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Table 1. Reach lengths and number of cross-sections per reach in the BCC and NFBT.

Distance from . Number of
Study Length . Elevation .
Area Reach (m) Debris Flow Range (m) erss-Schons
Confluence (m) in Reach
BCC
1 129 10 2508-2511 4
2 124.5 457 2479-2485 0
3 78.7 891 2446-2451 2
4 139.3 1601.8 2407-2411 0
5 177.8 1950 2398-2400 5
NFBT
1 88 n/a 2475 1
2 55 n/a 2442-2444 3
3 168 n/a 2356-2359 1
4 112.5 n/a 2322-2324 0
5 251 n/a 2312-2323 2

Table 2. Frequency of LW per 100 meters in each reach in BCC and NFBT.

Study LW Frequency
Area Reach per 100 meters

BCC

0.8

1.6

3.8

3.5
3

u »p W N

NFBT

1.1
1.8
1.7
n/a
3.1

u b WOWN B
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Table 3. Frequency of channel bars per 100 meters in each reach in BCC and NFBT.

Channel Bar
Study Frequency per
Area Reach 100 meters

BCC

0.8
2.4
1.3
0.7
0.5

u b WOWN R

NFBT

2.2
1.8
0.6
0.9
1.9

u b WOWN R
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Table 4. Pebblecount results for BCC.

Diameter
Grain size (mm) Reach1l Reach2 Reach3 Reach4 Reach5
Sand <2
VF Gravel 2-2.8
VF Gravel 28-4
Fine Gravel 4-56 15
Fine Gravel 56-8 8 11 22 15
Med. Gravel 8-11.3 12 8 6 7 5
Med. Gravel 11.3-16 2 0 2 4 8
Coarse Gravel 16-22.6 5 0 1 14 7
Coarse Gravel 22.6-32 4 1 3 26 10
VC Gravel 32-453 2 4 4 11 17
VC Gravel 453 -64 3 8 7 37 26
Sm. Cobble 64 - 90.5 10 10 16 19
Sm. Cobble 90.5-128 2 4 10 11 23
Lg. Cobble 128 - 181 7 7 5 9
Lg. Cobble 181 - 256 1 6 2 8
Sm. Boulder 256 - 362 1 3 9 4
Sm. Boulder 362 -512 4 3
Med. Boulder 512 -1024 3
Lg. Boulder 1024 - 2048 1
VL Boulder 2048 - 4096
Bedrock >4096
Sample total 54 57 56 168 158
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Table 5. Drainage area and dimensions at each cross-section along BCC and NFBT.

Cross-
Cross- average Cross- w:d/ sectional
Sections DA in widths depth section Drainage Area/
by Reach km~2 (m) (m) area (m?) Area Drainage Area
BCC
Reference
Cross- 1.1
section 14.5 13 0.9 0.1 0.1
1.1 154 11.8 2.0 23.7 0.4 1.5
1.2 15.6 7.2 1.0 6.8 0.5 0.4
13 15.6 7.2 0.8 5.8 0.6 0.4
1.4 15.6 12.1 0.8 9.0 1.0 0.6
3.1 164 12.2 0.6 6.7 1.2 0.4
3.2 16.4 11.4 0.6 6.4 1.2 0.4
5.1 17.2 16.6 0.6 10.8 15 0.6
5.2 17.2 19.7 0.6 9.0 1.8 0.5
5.3 17.2 9.7 0.8 8.5 0.7 0.5
5.4 17.2 5.6 0.9 53 0.4 0.3
5.5 17.9 4.7 0.8 3.3 0.3 0.2
Average 10.7 0.9 0.9
NFBT
1.1 39.5 10.4 0.5 5.5 0.6 0.1
2.1 41.2 9.0 0.8 8.0 0.3 0.2
2.2 41.2 10.7 0.9 10.1 0.3 0.2
2.3 41.4 9.5 0.7 6.8 0.3 0.2
3.1 44.6 8.1 0.7 5.6 0.3 0.1
5.1 45.2 19.4 0.4 8.3 1.0 0.2
5.2 45.2 21.7 0.7 13.7 0.7 0.3
Average 12.7 0.7 0.5
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APPENDIX A: Survey data information

Table A 1. Dimension data for individual LW jam in each reach along BCC.

Reach Area (m?) H?rlf)ht Length (m) V\(::;h
1 27.3 0.5 8 3
2 14.9 1 6 3

9.0 5 3
3 12.2 5 3
70.3 1.5 10 7.5
37.0 1.1 11
4 125.1 1.8 23 7
18.8 2 12 2.5
70.9 3 14 4
369.9 3 25 19
161.0 3 23 8
5 65.1 15 13 6
7.4 0.5 10 1.5
15.1 2.5 4.5 3.5
725.1 2 57 15
138.3 15 24 7
104.4 1 20 5

Table A 2. Dimension data for individual LW jam in each reach along NFBT. Reach 4 had no LW
jams.

Reach  Area(m?) H?rlf)ht Length (m) V\(/Ir:;h
1 125.7 2.1 17.5 8.5
54.6 2 15 4
3 27.5 2 7 3
16.0 1.3 12 1.5
46.1 1 13 3
4 n/a n/a n/a n/a
5 31.6 3.3 13.5 3
6.1 1.75 4 3
13.8 2 7.5
2.9 2.5 3.5 1
203.5 1.5 15 10
128.4 1 21 1.8
4.3 1 2.3 1.8
92.3 15 16 5
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Table A 3.Channel bar areas for each reach along BCC and NFBT.

Study Areza
Area Reach (m?)

BCC

46.2
185.5
196.8
243.4
3 547.9
4 855.1
5 876.4

N =

NFBT
1 220.6
104.5
211.9
1742.9
1437
514.9
117.43
120.4
828.9
84.5

v A~ W N
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APPENDIX B: Channel Cross-Sections

Figure B 1. Cross-sections along BCC. The brown line is estimated bankfull and the blue line is

wetted width. Depth is relative to eye level of auto level.
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Figure B 2.Cross-sections along NFBT. The brown line is estimated bankfull and the blue line is
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0
(L 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17

-0.5
-1
§1.5
=
e
)
8.
-2.5
-3
-3.5
Width (m)
NFBT Cross-Section 2.3
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
-0.5
-1

Depth (m)
&

Width (m)

48



Depth (m)

-1.5

-2.5

NFBT Cross-Section 3.1

00 11 12 13 14 15 16

-0.5

-1.5

Depth (m)

-2.5

-3.5
Width (m)

NFBT Cross-Section 5.1

6

7

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22|23

-0.5

Width (m)

49



Depth (m)

NFBT Cross-Section 5.2

0
(L 123 456 7 8 91011121314151617 18 19 2021 22 23 24 25 26 27 28 29 30

] )

Width (m)

50



