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Comparison of debris-flow volumes from burned
and unburned areas

Abstract The goals of this work are to show the range of debris-
flow volumes and watershed characteristics for several locations,
and the differences in flow volumes for events triggered soon after
wildfire. A dataset of 929 events was divided into groups based on
location and burn status. The three unburned locations show
significant differences: debris flows from the Italian Alps are larger
and generate more debris per unit basin area or unit channel
length than flows in the Western USA or in the Pacific Northwest.
However, some of the observed differences may be attributed to
the skew of the Italian Alps dataset towards larger events, and the
small size and limited range of the Pacific Northwest data. For
burned watersheds in the Western U.S. events, there is a clear
progression in decreasing volume in debris flows as basins recover
from the wildfire: it takes approximately 1year, or at a few loca-
tions, as much as 3years, for debris production to return to pre-fire
rates. The difference is most apparent when the data are normal-
ized for basin area (the area yield, which is 2× larger for burned
basins) or for channel length (the length yield, which is 1.6× larger
for burned basins). When normalized simultaneously for basin
area, channel length, and channel gradient, burned areas produce
significantly more debris (2.7–5.4 times as much). Burned areas in
the Western USA are more sensitive to wildfire and produce larger
debris flows than burned areas in more humid climates such as the
Pacific Northwest.
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Introduction
Debris flows are a significant worldwide geologic hazard, resulting
in fatalities, property damage, and limiting the use of extensive
areas of land. The volume of a debris flow is often a direct
predictor of the possible consequences, as shown in Table 1. Con-
sequently, considerable effort has gone into predicting debris-flow
volumes with equations based on watershed and rainfall parame-
ters developed for various geographic areas (e.g., Bovis and Jakob
1999; Bianco and Franzi 2000; Gatwood et al. 2000), for special
conditions such as following wildfire (e.g., Cannon et al. 2009),
and as a function of incremental accumulation of eroded material
along short channel reaches (e.g., Hungr et al. 1984; VanDine 1985).
Knowledge of expected debris-flow volume is also important for
design of some mitigation elements, such as debris basins, check
dams, slit and sabo dams, debris racks and screens, and walls and
berms.

It is suspected that there are significant increases in debris-
flow volumes in areas that have been recently burned by wildfire.
The loss of vegetative ground cover, coupled with the rapid accu-
mulation of sediment in channels during and immediately after
the fires, provides abundant loose sediment that may be incorpo-
rated into debris flows. As a consequence, there is less of a
sediment-supply limitation for the generation of debris flows in
recently burned areas (Cannon and Gartner 2005). The burned

watershed also has increased runoff characteristics, meaning that
much smaller storms than usually required can generate debris
flows. For example, Cannon et al. (2008) showed that debris flows
emanating from 93 recently burned basins in Colorado and Califor-
nia occurred within 3 h of storms of only 2-year recurrence interval
or less. Furthermore, debris flows in burned areas are increasing in
frequency (Cannon and DeGraff 2009), as studies have shown that
global climatic change has led to lengthened fire seasons with more
frequent and larger fires (Westerling et al. 2006).

This study will show the range of debris-flow volumes and
watershed characteristics for several different locations and will show
the differences in flow volumes for events triggered soon after wild-
fire. The goals of the study are to demonstrate the breadth of response
as a function of geographic location, to provide a quantitative esti-
mate of the increase in debris-flow volume directly after wildfire, and
to show the expected recovery time to dissipate the effects of the
wildfire. There are additional factors suggested by previous research
that also influence the volume of debris flows, such as magnitude and
intensity of hydroclimatic events, time since previous debris flows at
the same location, and site-specific geologic and soil conditions.
These factors are not addressed in this study, as this data is not readily
available for many of the analyzed events. Furthermore, the number
of factors analyzed was purposely reduced in order to produce a
broader picture of the range of debris-flow volumes.

Literature sources
Data for this study have been collected from a number of
published and unpublished records of debris-flow volumes,
drainage basin characteristics, and burn extent and timing.
Some of these sources have also analyzed debris-flow volumes
and identified trends and influencing factors. A summary of
the major sources and the information they contain is includ-
ed below. The data collected for the study are tabulated and
available on the Wiley InterScience website within the “Electronic
Supplementary Materials” section of the Natural Hazards webpages
(doi:10.1007/s10346-012-0354-4). Three geographic locations were se-
lected for study based on the availability of a significant amount of
debris-flow volume data: the Italian Alps, the Pacific Northwest
(British Columbia in Canada and Washington State in the USA),
and the Western and Southwestern United States (California, Colo-
rado, Montana, Utah, Idaho, Arizona, New Mexico, and Wyoming)
as shown on Fig. 1. A subset of the events in the Pacific Northwest
and the Western and Southwestern United States occurred following
wildfire.

Information on debris flows from the Italian Alps (abbreviated
“ITA” for the remainder of this paper) came from two main sources.
Marchi and D’Agostino (2004) conduct their own analysis of debris-
flow volumes for 127 events, dating as far back as 1882. Berti and
Simone (2007) report data on 27 events, which they use to develop a
method to predict inundation areas. Bianco and Franzi (2000) use
much of the same data, and their values were used as a quality check
against the others.
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Data for debris flows in Pacific Northwest (abbreviated “PNWu”
for unburned sites) came fromOden (1994; 16 events following clear-
cut logging and 13 events in old growth forest on the Queen Charlotte
Islands), Jakob et al. (2005; 21 events in southwestern British Colum-
bia), and Hungr et al. (1984; five events in southwestern British
Columbia). Jordan and Covert (2009) and Jordan (2010, personal
communication) provided data on 12 events following wildfire in
southeastern British Columbia and Klock and Helvey (1976) report
on three events following wildfire in Washington state (abbreviated
“PNWb” for burned sites).

Data for debris flows in the Western and Southwestern USA
(abbreviated “WUS”) came primarily from three USGS Open-File
Reports (Gartner et al. 2004; Gartner et al. 2005; and Gartner et al.
2009, reporting on 348 events, some of which are duplicated between
the documents). Data specific to the Los Angeles basin came from
Gatwood et al. (2000), who used data from 266 events to develop a
method to predict debris-flow volumes. Some of the data from these
four reports are detailed in other publications, which were used to

check accuracy and to obtain additional information on the debris
flows. These other sources that report on the largest number of events
include Cannon et al. (1998), Cannon (1999), Cannon et al. (2003),
Parrett et al. (2003), Santi et al. (2008), Schaub (2001), and USACE
(2004). Additional debris-flow events in Utah are detailed in Keaton
(1988) and Giraud andMcDonald (2007; 58 events). Larsen et al. (2006)
report on 12 events along Green River on the Colorado-Utah
border. Numerous other sources provided information on smaller
numbers of debris-flow events, and these sources are identified in
the data table referenced earlier. TheWUS data are separated into six
groups:

1. WUS<1year, for debris flows in basins that were burned within
the last year

2. WUS1–3year, for flows in basins burned 1–3 years ago (short
recovery time)

3. WUS3–5year, for flows in basins burned 3–5 years ago (moder-
ate recovery time)

Table 1 Size and potential consequences of debris flows

Size class Volume (m3) Potential consequences

1 <102 Very localized damage, known to have killed forestry workers in small gullies, damage small buildings

2 102–103 Could bury cars, destroy a small wooden building, break trees, block culverts, derail trains

3 103–104 Could destroy larger buildings, damage concrete bridge piers, block or damage highways and pipelines

4 104–105 Could block creeks or destroy parts of villages, sections of infrastructure corridors, or bridges

5 105–106 Could destroy parts of towns, forests of 2 km2 in area, block creeks and small rivers

Modified from Jakob (2005). Size classes 6–10, with volumes up to109 m3 and larger, are generally restricted to volcanic lahars or volcanic edifice sector collapses. Consequences for
these larger events include destruction of entire cities, inundation and obliteration of valleys, and damming of large rivers. The largest event tabulated in this study is class 5

Fig. 1 Locations of debris flows tabulated for this study. Left image shows North American sites, coded as follows: Western USA, California, and Intermountain West,
red=burned areas and green=unburned areas; Pacific Northwest, orange=burned areas, brown=unburned areas. Right image shows sites from Italian Alps: dark
blue=sites from Marchi and D’Agostino (2004), light blue=sites from Berti and Simone (2007)
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4. WUS5–10year, for flows in basins burned 5–10 years ago (long
recovery time)

5. WUS>5year, for flows in basins burned more than 5 years ago,
or for basins which have not burned (potentially fully
recovered)

6. WUS>10year, for flows in basins burned more than 10 years
ago, or for basins which have not burned (fully recovered)

The WUS data groups are further subdivided by geographic
location. The WUS<1year data are split into recently burned South-
ern California sites (CA<1year) and recently burned Intermountain
West sites (IMW<3year), covering the remaining WUS sites (the
range “<3 year” was used because there were only five sites that
had burned 1–3 years ago in the Intermountain West data group).

The WUS>10year sites were split into CA>10year and
IMW>10year groups. All of the WUS3–5year and WUS5–10year
sites are located in California, so these groups are identical to
CA3–5year and CA5–10year. The CA1–3year group is identical to
the WUS1–3year group, except that the 5 IMW1–3year sites
have been removed.

Description of the dataset
The events chosen for the dataset are restricted to those referred to
by their literature sources as debris flows, which are generally de-
fined as fast-moving, fluid flows with very high sediment concentra-
tion and often containing boulders and woody debris. They are also
termed mudslides, mudflows, or debris torrents. In general, events
referred to in the source documents as hyperconcentrated flows,
floods, or mud floods were not included in the dataset.

No distinction was made in the dataset between debris flows
that initiate as landslides of substantial volume and debris flows that
initiate from erosion and bulking of channel sediment, which com-
monly grow in volume by several orders of magnitude as they travel
downslope. The latter mechanism is more common in burned areas
(e.g., Meyer andWells 1997; Cannon et al. 2003; Coe et al. 2008; Santi
et al. 2008) andmay produce volumes that are larger than the former
(Cannon et al. 2001). Nevertheless, both types are treated identically,
as the goal of the study is to identify differences between debris-flow
volumes in burned and unburned areas however these differences
may be created. However, the reader should keep in mind that
calculations such as the length yield rate (volume of debris generated
per unit length channel) may not be as meaningful for some land-
slide-initiated debris flows, where most of the debris may be gener-
ated from the initial failure and not from channel scour. The
majority of the debris-flow events included in this study are run-
off-initiated rather than landslide-initiated.

The rainfall associated with each debris-flow event was not
included in the dataset because of the high variability in the infor-
mation available. Rainfall data was not available for every event, and
when it was recorded, the format was not consistent: some publica-
tions recorded total storm rainfall, some provided antecedent rain-
fall information, and some provided intensities for different
durations. While rainfall amounts and intensity are clearly related
to the initiation and magnitude of a debris-flow event, the influence
is quite different in burned areas, as will be discussed below.

Although not all data are available for every event, the following
characteristics were evaluated:

& Debris-flow volume

& If the drainage basin has been burned, the length of elapsed
time between the fire and the debris flow, and the percentage of
the basin burned

& Area of the drainage basin producing the debris flow

& Length of the main channel producing the debris flow

& Gradient of the main channel producing the debris flow

From this information, two additional calculations are made.
The “area yield,” calculated as the total debris volume divided by
the area of the drainage basin, produces a single number in units
of m3/km2 to allow for a normalized comparison between events in
drainage basins of widely varying size. The “length yield,” the total
debris volume divided by the length of the main channel, provides
a similar normalization indicating debris contribution per unit
length of channel, in units of m3/m.

The precision of these measurements varies. The most precise
values are likely to be the area of the drainage basin (typically
reported to the nearest 0.01 km2), the time since burn (often
known to the nearest month), and the percentage of basin burned
(often reported to the nearest 10 %).

The length of the debris-flow channel is recorded in the
literature as either the length of scoured area, the distance from
an initiating landslide to the primary deposit, the length of the
channel from its mouth to the top of the drainage divide, or some
combination of these. Consequently, it is expected that the values
for length may have a large range of precision, estimated to be on
the order of ±25 %, as no clear definition of what it measures
seems to be agreed on.

Likewise, the gradient of the channel can be reported as
the slope of a portion of the debris-flow path or it may
represent a basin-wide average, calculated as the relief of the
basin divided by the longest channel length. The expected
range of gradient measurement within a single channel is
approximately ±10 %.

Most importantly, the accuracy and precision of the vol-
ume measurements are also expected to show variability. For
example, Santi and deWolfe (2005) and deWolfe and Santi
(2009) calculate error ranges for several different methods of
measurement:

& ±23 % (propogation of error calculation) for volumes mea-
sured with a slope profiler (described in Keaton and DeGraff
1996 and Santi et al. 2008, based on interpreting scour volumes
from a series of channel cross-sections), with a precision (re-
peatability) of 17 % (based on relative percent difference be-
tween measurements of the same locations by two different
individuals)

& −45 % to +80 % when measured by truck counts during
cleanouts of debris basins

& −48 % to +83 % using CAD (computer-aided design) measure-
ments of volumes of debris fans, with a precision of 28 %
(based on relative percent difference between calculations of
the same locations by two different governmental agencies)

& −27 % to +37 % when measuring the volume of debris fans in
the field with GPS units

Some of this error may be systematic. For instance, measure-
ments may be overestimated if they include sediment contributed by
streamflow long after the debris-flow event or debris from multiple
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events caused by different storms. Some types of measurements,
such as counts of trucks hauling excavated material, require an
estimation of the bottom surface of a single debris flow, yet the
excavation will often extend into deeper material. Volumes may be
underestimated if the more fluid late stage of a debris flow carries
material beyond the bulk of the deposit being measured. For these
reasons, seemingly precise volume measurement methods, such as
CAD analysis or truck counts, may have limited accuracy.

The resulting numbers of data values for each parameter
are summarized in Table 2. Note that the number of events
differs for each parameter, depending on the availability of
information. The dataset is further subdivided by geographic
region and the elapsed time since the last fire.

Results
The data itself are summarized in Table 3. Median values are used
because the mean is affected by extreme data and most datasets
have log-normal distributions. All of the individual data values are
tabulated and available within the “Electronic Supplementary

Materials” section of the Natural Hazards webpages. Discussion
and graphical representations of the differences within subgroups
are included below. Statistically significant differences at the 5 %
level of significance are indicated where present with the note “5 %
LOS”.

Comparison of unburned sites
Distinct differences are observed between the three unburned
geographic regions (ITA, PNWu, and WUS>10year). Drainage
basins in the Italian Alps (ITA) are the largest in area and the
lowest gradient (gradient difference at 5 % LOS). Flow channels in
the Pacific Northwest (PNWu) are much shorter and steeper than
those at the other two regions (both at 5 % LOS). Debris-flow
volumes are largest in the Italian Alps (5 % LOS). Except for the
PNW data, which is not statistically significant (five basin areas
available), the area yield for ITA is almost three times larger than
the other groups. The length yield is also highest in the Italian Alps
(5 % LOS) and lowest in the Pacific Northwest.

Table 2 Numbers of debris-flow events recorded in dataset

Dataset description Number of events measured
A. Volume B. Basin area C. Channel length D. Channel gradient E. Area yield (A/B) F. Length yield (A/C)

Unburned areas
1. ITA 150 150 150 150 150 150

2. PNWu 55 5 50 34 5 50

3. WUS>5a 275 275 253 275 275 253

4. WUS>10 216 216 197 216 216 197

4a. CA>10 154 154 144 154 154 144

4b. IMW>10 62 62 53 62 62 53

Burned areas
5. PNWb 12 15 15 15 12 12

6. WUS<1b 160 330 141 280 160 118

6a. CA<1 114 183 82 161 114 82

6b. IMW<3 51 152 37 123 51 37

Recovering areas
7. WUS 1–3 63 64 59 64 63 59

(= CA1-3+IMW1-3)

8. WUS 3–5 40 40 36 40 40 36

(= CA3-5)

9. WUS 5–10 59 59 56 59 59 56

(= Ca5–10)

Total 755 879 704 829 705 678

“ITA” indicates events in the Italian Alps, “WUS” refers to events in the western United States (numbers indicate years since wildfire), and “PNWb” and “PNWu” indicate events in the
Pacific Northwest that are in burned and unburned basins, respectively. Data from the western USA are further subdivided into California events (CA) and non-California
Intermountain West events (IMW), but only for unburned (>10) and recently burned (<1 or <3) areas. Rows 1–4b are unburned datasets. Rows 5 through 6b are data from burned
areas. Rows 7–9, when combined with rows 3–6, represent a progression from recently burned to unburned or fully recovered basins. Rows 2 and 5, as well as rows 3/4 and 6, are
two comparisons of burned and unburned areas. Although every parameter is not available for every debris flow, 929 total events were recorded in the database
a Note that the value “WUS>5” represents an overlap between “WUS 5–10” and “WUS >10” and is not represented in the final total (nor are rows 4a, 4b, 6a, or 6b, which are subsets
of the WUS groups)
b WUS<1 is split into two groups. Because there were only five events in the Intermountain West with 1–3 years post-fire recovery, these values are included in row 6b. Consequently, the
sum of rows 6a and 6b is 5 larger than number of events in row 6 (and correspondingly, the 63 events in row 7 includes 58 CA1–3 events plus the 5 IMW1–3 events)
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Differences between the ITA and WUS data may be due, in part,
to the lack of smaller debris flows in the ITA database. Marchi and
D’Agostino (2004) note that their database contains almost no debris
flows smaller than 1,000m3. For theWUS data, by contrast, 15 % of the
values are less than 1,000 m3, with many other values in the lower
ranges as well, as can be seen in Fig. 2 (where 1,000 m3 is plotted as a
log volume of 3.00). Figure 2 also reveals a strong bimodality of the
PNWu data, where the smaller volumes come from a dataset system-
atically collected in a specific area (Oden 1994) and the larger volumes

are from particularly damaging events throughout the wider region.
When the WUS data are split into unburned California (CA>10

year) and unburned non-California (IMW>10year) groups, the
IMW>10 basins are much larger, longer, and less steep than the
CA>10 basins. The IMW>10 basins produce higher debris volumes
and have higher length yield rates. The CA>10 basins have higher area
yield rates.

The total volume comparisons for the three main unburned
datasets are shown as histograms in Fig. 2, and area yield and length

Table 3 Summary of median values for each data group

Dataset
description

Median value
A. Volume
(m3)

B. Basin area
(km2)

C. Channel length
(m)

D. Channel
gradient (%)

E. Area yield (m3/
km2)b

F. Length yield
(m3/m)b

All unburned areas
ITA 20,000 2.10 2,755 39 9,303 6.39

PNWu 575 1.80 380 90 11,111 1.68

WUS>5 5,467 1.74 3,130 53 3,558 2.09

WUS>10 4,969 1.78 3,190 54 3,451 2.09

CA>10 3,846 1.05 2,436 62 3,647 1.59

IMW>10 16,000 5.45 5,304 28 1,916 3.22

Western U.S. progression from burned to unburned
WUS<1 6,331 0.75 1,800 55 7,188 3.36

WUS 1–3 7,709 1.50 2,884 64 4,006 3.29

WUS 3–5 5,975 0.89 2,089 64 3,580 1.81

WUS 5–10 6,152 1.66 2,817 52 4,045 2.10

WUS>5 5,467 1.74 3,130 53 3,558 2.09

WUS>10 4,969 1.78 3,190 54 3,451 2.09

California progression from burned to unburned
CA<1 10,406 1.20 2,102 57 10,156 3.87

WUS 1–3a 7,709 1.50 2,884 64 4,006 3.29

WUS 3–5a 5,975 0.89 2,089 64 3,580 1.81

WUS 5–10a 6,152 1.66 2,817 52 4,045 2.10

CA>10 3,846 1.05 2,436 62 3,647 1.59

Other burned/unburned pairs
IMW<3 1,515 0.36 999 53 2,772 1.94

IMW>10 16,000 5.45 5,304 28 1,916 3.22

PNWb 5,000 2.57 2,165 50 3,286 3.67

PNWu 575 1.80 380 90 11,111 1.68

All burned areas
WUS<1 6,331 0.75a 1,800 55 7,188 3.36

CA<1 10,406 1.20 2,102 57 10,156 3.87

IMW<3 1,515 0.36 999 53 2,772 1.94

PNWb 5,000 2.57 2,165 50 3,286 3.67

Values in bold are distinctly higher than other values in the same column and subgroup, and values in italics are distinctly lower. Statistically significant differences are discussed in
the text.
a These datasets are almost identical to CA1–3, CA3–5, and CA5–10, respectively, as described in the notes for Table 2
b These values are median values of yield calculated from original (not log-transformed) data and are not equivalent to simply dividing values in column A by values in columns B or
C, respectively
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yield histograms are included in Fig. 3. Individual data points are
graphed on Fig. 4a (the slope of which is area yield), b (the slope of
which is length yield). Best fit lines are shown for each dataset to give a

sense of the overall trend of debris-flow volume as a function of basin
area or channel length.

Progression from burned to unburned sites
A clear progression in rate of debris production can be seen from
freshly burned basins (WUS<1year), through a recovery period
(WUS1–3year, WUS3–5year, and WUS5–10year), to fully recovered
basins (WUS>5year and WUS>10year). The most recently burned
basins show higher volume production, the highest area yield (5 %
LOS for WUS<1 basins), and the highest length yield (5 % LOS for
WUS<1 and WUS1–3 basins). The differences in area and length
yield are accentuated, as the most recently burned basins also tend
to be smaller (5 % LOS for WUS<1 basins) and shorter (5 % LOS for
WUS<1 basins), which enlarges the yield rate calculation (recall
that area yield=volume/basin area, and length yield=volume/
channel length).

Figure 5 includes box plots of the WUS area and length yields
for each time interval showing distinctly higher values for the
recently burned sites. The progression stands out more clearly in
Fig. 6, which plots WUS<1, WUS1–3, and WUS3–5year values against
unburned (or fully recovered) data, shown as WUS>10. In each
graph, moving from Fig. 6a to b to c, the best fit lines for the more
recently burned basins move closer to the line for the unburned
data (because of the low R2 values for many of these lines, they are
better used to represent the trend of the data rather than for
prediction). A final comparison of area and length yields is given
in the histograms in Fig. 7, which include only the most recently
burned sites (WUS<1) and the most fully recovered sites (WUS>10).
The differences in the overall distribution of the datasets and the
median values is clearly shown: freshly burned basins produce a
median area yield 2 times (200 %) that of unburned basins, and a
length yield 1.6 times (160 %) that of unburned basins.

Similar results may be seen when California-specific values
(CA<1, WUS1–3, WUS3–5, and WUS5–10, and CA<10) are separated
out (Table 3). Recently burned basins produce more debris (CA<1

and WUS1–3 are higher than CA>10 at the 5 % LOS), have higher area
yields (CA<1 higher than all other groups at 5 % LOS), and have
higher length yields (CA<1 higher than all except WUS1–3 at 5 % LOS,

Fig. 2 Comparison of debris-flow volumes from unburned areas. Note that the
histograms use log volumes (since the data is not normally distributed) and the
wide vertical bar indicates the median value for each group. WUS>10 is
unburned Western U.S. sites, ITA is unburned Italian Alps sites, and PNWu is
unburned Pacific Northwest sites (whose bimodal nature is discussed in the text)

Fig. 3 Comparison of area yield rates
(a debris-flow volume/basin area)
and length yield rates (b debris-flow
volume/channel length) from
unburned areas
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andWUS1–3 higher than CA>10 at 5 % LOS). An even stronger change
is seen than with the full dataset of WUS values: freshly burned
basins in California produce a median area yield and length yield
2.8 times and 2.4 times, respectively, that of unburned basins.

For the IntermountainWest part of theWUS dataset, only recent-
ly burned (IMW<3) and unburned (IMW>10) datasets were compared.
For these data, the contrast is not as clear: IMW>10 basins produce
more debris, have larger area, and are longer and less steep (all at 5 %
LOS). The IMW<3 area yields are larger, but length yields are smaller.

Data from the Pacific Northwest show just the opposite: recently
burned basins (PNWb) have smaller area yields, but larger length
yields than unburned basins (PNWu). The burned basins in this
dataset have much longer channels (5 % LOS), are larger and shal-
lower, and produce larger flow volumes.

As can be seen in Fig. 8a, the dataset for the unburned
sites in the Pacific Northwest is distinctly bimodal, and the
dataset for burned sites is small, so both of these factors
reduce the validity of comparisons among the three datasets.
However, a few interesting points may still be made. The first
is that each volume range for the three distinct groups in
Fig. 8a corresponds with a different land management or
debris-flow initiation mechanism. The smallest volume flows,
plotting on the left side of the PNWu graph, are dominantly
from recently logged areas (this observation was also docu-
mented by Jakob et al. 2005, who found that debris flows in

logged areas were of higher frequency and smaller volume
than for unlogged areas). The highest volume flows, on the
right side of the same graph, are landslide-initiated debris
flows. The middle values, those for PNWb, are predominantly
runoff-initiated debris flows. Figure 8b shows that the range
of debris-flow volumes for unburned sites completely encom-
passes the range for burned sites, but in general the flows
from burned sites are larger.

Comparison of burned sites
The median volumes for the two sets of debris flows in
recently burned areas, WUS<1 and PNWb, are very similar,
with WUS<1 slightly larger at 6,331 m3 compared to 5,000 m3

for PNWb. The channels are similar in length and gradient,
but because the WUS<1 basins are smaller in area (5 % LOS),
the area yield for those basins is over twice the value for the
PNWb basins (5 % LOS), as shown on Fig. 9. Length yield
values are nearly identical.

When the WUS data are split into CA<1 and IMW<3

groups, even more distinctions appear. The CA<1 volumes
are much larger, and IMW<3 are much smaller, than both
WUS<1 and PNWb volumes, resulting in similar size rankings
for area and length yields.

Fig. 4 Plot of debris-flow volumes as a function of basin area (a) and channel length (b).
The slope of the best fit line is analogous to the area yield rate (a) or length yield rate (b)

Fig. 5 Comparison of area (a) and length (b) yield rates for debris flows from the
Western USA, progressing from recently burned sites (WUS<1year) to unburned or
fully recovered sites (WUS>10year). Boxes indicate median (center line) and
upper and lower quartile values. Whiskers extend 1.5 times the interquartile range.
Outliers are indicated with an asterisk. Stars indicate groups that are statistically
larger than the others at the 5 % LOS
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Cluster analysis
The large range in values of basin area, channel length, and
channel gradient is expected to create a large range in debris-flow
volumes and yield rates, even within a narrow geographic or time-
since-burn group such as those in Table 3. To minimize the effects

of the range of basin and channel characteristics, a statistical
cluster analysis was performed on a subset of the data. The cluster
analysis groups the data such that the differences in basin area,
channel length, and channel gradient are minimized within each
cluster. So, for example, the data for cluster 1 should all have very
similar basin areas, channel lengths, and channel gradients, but as
a whole these values will be very different for the data in cluster 2.

Once the data are divided into similar clusters, statistical
differences within each cluster and between clusters can be shown.
Within each cluster, where area, length, and gradient are effectively
held constant, values from different geographic locations can be
compared. Between clusters, values from the same geographic
locations can be compared to assess the importance of area,
length, and gradient.

The subset of data used for cluster analysis is summarized in
Table 4. The analysis was done with a commercial statistics soft-
ware package (Minitab 15), using the Complete Linkage, Squared
Euclidean Distance options for standardized variables, creating 10
clusters. Of the 10 clusters, a few were selected for statistical
comparison on the basis that they contained approximately 15 to
25 values and that the clusters were adequately separated from
each other. As shown in Table 4, clusters were developed so that
different burned locations could be compared, and so that burned
and unburned areas within the same location could be compared.

Comparisons between groups, summarized in Table 5, were
based on t tests where n>1 for each geographic or time-since-burn
group within a cluster, or were estimated if n=1 for one of the
groups. The general conclusion of this analysis is that even when
comparing debris flows from very similar drainage basins (in
terms of similar basin area, channel length, and channel gradient),
different locations usually produce different volumes, and burned
areas produce significantly higher volumes than unburned areas.
When comparing debris flows from similar locations, the volumes
are usually, but not always, different.

Discussion
While differences between datasets based on morphological
parameters (basin area, channel length and gradient) are
accounted for, to some degree, five major influences of debris-
flow volume and yield rate are not accounted for: vegetation,
climatic setting, geology, time since last debris flow, and storm
rainfall amounts and intensity. In the case of the first four param-
eters, the level of site-specific data required to adequately analyze
the effects of these variables is not available in this dataset.

Previous research has established the influence of rainfall
amounts and intensity on debris-flow occurrence and on flow
volumes for both unburned (Balducci 2010; Gatwood et al.
2000) and burned (Parrett 1987; Meyer and Wells 1997; Can-
non et al. 2008: Cannon et al. 2009) settings. Other evidence
(e.g., Cannon et al. 2008) has shown that debris-flow genera-
tion in burned areas requires less rainfall and less antecedent
moisture than unburned areas, so comparing rainstorms be-
tween burned and unburned datasets is difficult. However, the
data above indicate that the total volumes of debris flows in
burned areas are not necessarily smaller, even though the
initiating rainfall may be less. Therefore the size of a debris
flow may depend more on the increased availability of easily
eroded sediment resulting from the loss of vegetation after
wildfire than on the volume of water available, once a certain

Fig. 6 Progression of data from recently burned (a), to beginning recovery (b), to
partial recovery (c). In all three graphs, progressive recovery (top trend line) is
compared to fully recovered or unburned data (bottom trend line)
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minimum threshold rainfall is met. This suggests that sedi-
ment supply limitations may be a more important influence
on debris-flow volume than water volume limitations, at least
for the smaller and higher frequency hydroclimatic events that
dominate this dataset. For burned areas, Santi (2009) showed
that the amount of water from the initiating rainstorms great-
ly exceeded the amount of water contained in the measured
volumes of the resulting debris flows, by an average of 14
times more water in the rainstorm than in the debris flow
(based on data from 44 events in California, Colorado, and
Utah).

Comparisons between burned and unburned datasets al-
most universally show that burned basins produce more de-
bris (1.3 times higher volume, from the data in Table 3). When
normalized for basin area, channel length, and channel gradi-
ent, (using cluster analysis) the total volume is 2.7 to 5.4
times higher in burned areas. When normalizing for basin
area only (area yields in Figs. 5, 6, and 7, for instance), the

values for the WUS are the broadest dataset and considered
the most widely applicable, with burned area yields approxi-
mately two times unburned yields. Likewise, when the data
are normalized for channel length only, WUS data show that
length yields from burned basins are approximately 1.6 times
those for unburned basins.

A different trend is observed when IMW data are ana-
lyzed separately from the WUS data: for IMW data, length
yield is less for burned areas than for unburned areas, even
though area yield is higher. This contradiction appears to be a
function of the particular characteristics of this dataset. Based
on the data in Table 3, the drainage basins for the IMW<3

debris flows are longer per unit area (with a ratio of length to
unit area of 2.8×10−3m/m2) than the IMW>10 locations (ratio
of 9.7×10−4m/m2). This means that for the IMW<3 data, there
is usually a smaller basin area for unit length of channel,
resulting in less potential rainfall runoff contribution per unit
length of channel, and consequently there is less debris pro-

Fig. 7 Comparison of area yield rates
(a) and length yield rates (b)
between recently burned (top) and
unburned (bottom) areas. Burned
area yield rates are 2× unburned
rates, and burned length yield rates
are 1.6× unburned rates

Fig. 8 Comparison of data from the
Pacific Northwest. Upper left (a) is
unburned sites and lower left is
burned sites. The group of smaller
values of unburned sites is all from
recently logged areas and the group
of larger values is all from landslide-
initiated debris flows. All of the
burned sites are runoff-initiated
debris flows. Right image (b) is a
boxplot comparing unburned (left
side) and burned (right side)
distributions
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duction per unit length of channel. This difference in length
to unit area is almost three times larger for the IMW<3 values,
which is in stark contrast to the other datasets that have
much closer ratios: WUS<1=2.4×10−3m/m2 compared to
WUS>10=1.79×10

−3m/m2, and CA<1=1.75×10
−3m/m2 compared

to CA>10=2.3×10
−3m/m2. Because of the variety of ways the

length of the debris-flow channel is measured, in addition to
the relatively small size of debris-flow basins when compared
to river basins, the relation between basin area and channel
length does not consistently follow Hack’s Law (which

Table 4 Summary of cluster analysis

Cluster # Location # of values Mean of log volume

Debris flows in burned areas
1 PNW 5 3.531

CA<1 9 4.181

IMW<3 2 4.150

2 PNW 1 3.531

CA<1 8 3.413

IMW<3 11 3.384

4 CA<1 18 3.491

IMW<3 1 2.410

8 CA<1 6 3.230

IMW<3 8 2.524

Burned vs. unburned areas in California
3A CA<1 9 4.887

CA>10 12 4.153

4A CA<1 9 4.181

CA>10 15 3.659

10A CA<1 3 3.960

CA>10 9 3.529

“# of values” indicates the number of debris-flow events included from a given location in that particular cluster. “Mean of log volume” is the mean of all the debris-flow volumes for
that location within that cluster, calculated on log values

Fig. 9 Comparison of data from
different burned areas, showing area
yield rates (a) and length yield rates
(b) from the Western USA (top) and
the Pacific Northwest (bottom)
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established an empirical relationship between stream length,
L, and drainage basin areas, A, where L=1.4(A)0.6; Hack 1957).

The PNW data also contradicts WUS trends, with area
yields lower for burned basins. This appears to be a function
of the small datasets (n=5 unburned basins, n=12 burned
basins), each of which represents a limited geographic and
geologic area, so it is difficult to use these data to make
broad statements about flow volumes and yield rates. When

PNW data are compared to WUS data for burned sites, the
area yields in the Western USA are much larger, and it may
be concluded that wildfire may have a stronger effect in that
area. Possible causes for this sensitivity in arid climates might
include: more easily eroded soils (less clay), more complete
removal of vegetation by wildfire, more likely development of
hydrophobic layers that limit infiltration (DeBano 2000),
changes in soil aggregate stability from loss of microbes and

Table 5 Summary of t tests between sets of debris-flow volumes as separated by cluster analysis, given in Table 4

Comparison
o Burned areas 
o Similar basin 

parameters 
o Different 

locations 

• Cluster 1: PNW < CA (10% LOS), PNW < IMW (20% LOS), CA 
IMW 

• Cluster 2: PNW > CA (estimated), PNW > IMW (estimated), CA 
IMW 

• Cluster 4: CA > IMW (estimated) 
• Cluster 8: CA > IMW (0.2% LOS) 

Conclusion For fixed basin area, channel length, and channel gradient, different 
locations usually produce significantly different volumes of debris 

o Burned areas 
o Different 

basin 
parameters  

o Similar 
locations 

• PNW: cluster 2 > cluster 1 (estimated) 
• CA: cluster 1 > cluster 2 (5% LOS), cluster 1 > cluster 4 (0.2% LOS), 

cluster 1 > cluster 8 (0.2% LOS), cluster 2    cluster 4, cluster 2  
cluster 8, cluster 4    cluster 8  

• IMW: cluster 1 > cluster 2 (estimated – difference in means is 
apparent, but small n means that level of significance is difficult to 
achieve), cluster 1 > cluster 4 (estimated), cluster 1 > cluster 8 
(estimated), cluster 2 > cluster 4 (estimated), cluster 2 > cluster 8 
(0.2% LOS), cluster 4    cluster 8  

Conclusion For fixed location, differences in debris volumes are generally observed 
because of differences in basin area, channel length and channel 
gradient 

o Burned vs. 
unburned 
areas 

o Similar basin 
parameters 

o Similar 
locations 

• Cluster 3A: burned volumes > unburned volumes (1% LOS) (burned  
are 5.4X larger) 

• Cluster 4A: burned volumes > unburned volumes (5% LOS) (burned  
are 3.3X larger) 

• Cluster 10A: burned volumes > unburned volumes (10% LOS) 
(burned are 2.7X larger) 

Conclusion For fixed basin area, channel length, and channel gradient, burned areas
produce significantly larger volumes of debris than unburned areas 

o Burned vs. 
unburned 
areas 

o Different 
basin 
parameters 

o Similar 
locations 

• Burned groups: cluster 3A > cluster 4A (1% LOS), cluster 3A > 
cluster 10A (0.2% LOS), cluster 4A    cluster 10A  

• Unburned groups: cluster 3A > cluster 4A (10% LOS), cluster 3A > 
cluster 10A (5% LOS), cluster 4A    cluster 10A  

Conclusion For fixed location, differences in debris volumes are generally observed 
because of differences in basin area, channel length and channel 
gradient 

Statistical t-test results
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fungi that are more difficult to reestablish (Molina et al. 1994;
Díaz-Fierros et al. 1994), or loss of cohesion between particles
due to greater depletion of capillary water (Ebel et al. 2012;
Moody and Martin 2009).

The assessment of recovery time also showed a fairly
consistent trend: after 1 year, or perhaps as much as 3 years,
debris production returned to pre-fire rates. Statistical com-
parisons using the information in Table 3 showed insignificant
differences after 1 year for area yield rates and after 3 years
for length yield rates. Best fit lines on Fig. 6 indicate a steady
progression from burned to unburned debris production
rates. For these equations, plotted in log-log space, the expo-
nent represents the slope of the line and the first term
represents the vertical offset between lines, which is analogous
to the difference in debris-flow magnitude. The ratio of these
terms for WUS<1 and WUSu (unburned) equations is 6,065/
3,358=1.8, a value very close to the 2× (200 %) value recom-
mended above. The ratio progressively decreases for equations
for WUS1–3 and WUS3–5 values, but the exponent also
changes, so the lines converge at higher basin area values.
From this it may be concluded that the differences in debris
production are clear up to 1 year after the fire, but are less
apparent from 1 to 5 years after the burn.

The equations on Fig. 6 are analogous to and of the same
form as common hydrology equations relating drainage basin
area to discharge (Hack 1957). For comparison, the plots of
these equations are within the upper and lower bound equa-
tions that Marchi and D’Agostino (2004) establish for their
data in the eastern Italian Alps, and slightly below the equa-
tion shown on Fig. 4 that is a best fit for all of the ITA data.

Conclusions
Analysis of 929 debris-flow events, including over 300 events from
recently burned areas, shows the following trends:

& For unburned areas, debris flows from the Italian Alps are
larger and produce more debris per unit basin area or unit
channel length than flows in the Western USA or in the Pacific
Northwest. However, some of the observed differences may be
attributed to the skew of the Italian Alps dataset towards larger
events, and the small size and limited range of the Pacific
Northwest data.

& There is a clear progression in decreasing volume in debris
flows from recently burned basins to unburned (or fully re-
covered) basins. The difference is most significant in the first
year following wildfire, and it is more clear when the data are
normalized for basin area (the area yield, which is 2× larger for
burned basins) or for channel length (the length yield, which is
1.6× larger for burned basins).

& When normalized simultaneously for basin area, channel
length, and channel gradient, burned areas produce signifi-
cantly more debris than unburned areas (2.7–5.4 times as
much), and different geographic locations produce significant-
ly different debris volumes.

& Burned areas in the Western USA seem to be more sensitive to
wildfire and produce larger debris flows than areas in more
humid climates such as the Pacific Northwest.

& The time of recovery after wildfire is approximately 1 year, or
at a few locations as much as 3 years, for debris production to
return to pre-fire rates.

& The trends in debris-flow volume as a function of basin area
follow the form of other similar hydrologic trends, such as the
exponential curves relating drainage basin area to discharge,
and the plotted curves fall within similar ranges of values
published for other debris-flow datasets.
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