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Abstract. Between 1998 and 2002, six sites were established immediately after large wildfires in the western United
States to determine the effectiveness of contour-felled log erosion barriers in mitigating post-wildfire runoff and erosion.
In each pair of matched, burned, and small watersheds (1–13 ha), one was treated with contour-felled log erosion barriers
and one was left untreated as a control. For 4 to 6 post-fire years, runoff and sediment yields were measured and correlated
with rain properties. High-intensity rainfall produced most of the measured runoff and sediment yields except in the
southern California site, where long-duration rain events produced most of the runoff and erosion. For small rain events
(less than the 2-year return period for the 10-min duration), the runoff, peak flows, and sediment yields were lower in
the treated watersheds than in the control watersheds, but there was no treatment effect for rain events with larger return
periods. Improper installation and degradation over time reduced the effectiveness of contour-felled log erosion barriers.
Rainfall characteristics and installation procedures should be carefully considered before choosing contour-felled log
erosion barriers for post-fire hillslope stabilisation.

Additional keywords: catchment, LEB, sediment yield, watershed.

Introduction

Wildfire is a natural process in many conifer-dominated ecosys-
tems. After fire, the amount of runoff and peak flow can increase
dramatically in burned watersheds causing flooding, debris
flows, and high rates of soil loss and sedimentation as exempli-
fied by the flooding within and downstream of the area burned
by the 1996 Buffalo Creek Fire, resulting in two fatalities, and
subsequent sediment deposition in Strontia Springs Reservoir, a
major water supply reservoir for Denver, Colorado (Moody and
Martin 2001b). Also, increases in the amount of fine sediment
in streams and rivers may adversely affect spawning and rear-
ing sites for anadromous and resident fish species and degrade
stream and riparian habitat. Therefore, post-fire management
strategies including application of treatments to hillslopes, roads,
and stream channels are often devised to reduce the risk of
increased runoff, erosion, and sediment delivery to protect life,
property, infrastructure, and aquatic resources.

Post-wildfire erosion rates, like natural erosion rates, vary
by geology, topography, climate, and vegetation as well as by
historic land use. Relatively undisturbed forests produce clean
runoff, low erosion rates, and low sediment yields (Buckhouse
and Gaither 1982; Morris and Moses 1987; Binkley and Brown
1993; MacDonald and Stednick 2003). The reported range of
post-wildfire erosion rates is 0.005 to 370 Mg ha−1 year−1; the

low value was calculated from suspended sediment measured
in a small watershed burned at moderate severity (Campbell
et al. 1977), whereas the high value was from measurements
using fixed tapes on a steep hillslope burned at high severity
(Hendricks and Johnson 1944). Recently, direct measurement
of hillslope sediment yields has produced erosion rates of 1.9
to 63 Mg ha−1 year−1 measured after high severity wildfires
(Robichaud and Brown 2000; Robichaud 2005; Robichaud et al.
2006; Wagenbrenner et al. 2006; Spigel and Robichaud 2007).

Post-fire assessments are used to evaluate the potential for
storm damage to natural and human communities immediately
after large wildfires in countries such asAustralia (State ofVicto-
ria 2006), Canada (Pike and Ussery 2006), Greece (Raftoyannis
and Spanos 2005), and the United States (USDA Forest Ser-
vice 1995, 2004). In the United States, post-fire assessment
teams estimate the probability associated with runoff events
and magnitude of flood flows, erosion, and sediment deliv-
ery to determine the risk of damage to downstream resources.
If warranted, emergency stabilisation treatments are applied to
mitigate these risks. Stabilisation treatments often are designed
to reduce hillslope erosion (e.g. mulches and erosion barri-
ers) rather than to store sediment somewhere downstream (e.g.
sediment detention basins). One frequently used hillslope stabil-
isation technique is contour-felled log erosion barriers (LEBs).
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Fig. 1. Contour-felled log erosion barrier (LEB) layout on a hillslope with an inset diagram of measurements made on each log and a photograph of an
LEB being installed (from Robichaud et al. 2000, 2008).

The standard installation technique consists of felling burned
trees and laying them on the ground along the slope contour
(USDA Forest Service 2004) (Fig. 1). Each log is anchored in
place and gaps between the log and the soil surface are filled
with soil to create a storage basin on the upslope side of the log
where overland flow is trapped. Earthen berms are sometimes
installed at both ends of the basin to reduce the amount of water
flowing around the ends of the log. The LEBs are usually laid
out in staggered tiers designed to eliminate long uninterrupted
flow paths.

LEBs were designed to increase detention and infiltration
of overland flow, thereby reducing runoff and sediment trans-
port capacity (Robichaud et al. 2005). Robichaud et al. (2000)
reported survey results of land managers’experiences with LEBs
and found that 65% of respondents had ‘good’ or ‘excellent’
experiences. Although there are no studies that have compared
runoff from LEB-treated sites with untreated sites, Wagen-
brenner et al. (2006) reported that LEBs increased infiltration,
especially in the area upslope of the erosion barrier that was
disturbed during installation. Two contour-felled LEB studies

(McCammon and Hughes 1980; Miles et al. 1989) attempted
to quantify treatment effectiveness by estimating the amount of
sediment stored behind the erosion barriers; however, they did
not measure changes in post-fire runoff, infiltration, or sedi-
ment yield. Gartner (2003) examined the effectiveness of LEB
treatment at several spatial scales after the 2000 Hi Meadows
Fire in Colorado and found that the treatment reduced sed-
iment yields at the hillslope (400 m2) and watershed (16 ha)
scales but not at the sub-watershed (1–5 ha) or plot (1–5 m2)
scales. In a hillslope-scale study, Robichaud et al. (2008) found
no significant difference in the sediment yields between LEB-
treated and control sites. In a hillslope-scale study after the 2000
Bobcat Fire in Colorado, the calculated storage capacity of the
LEBs was greater than the sediment produced in an average year
(Wagenbrenner et al. 2006). However, the volume of sediment
stored behind an LEB is generally less than the total avail-
able sediment storage capacity and runoff and sediment have
been observed going over the top and around the ends of LEBs
even when the LEB was less than half-filled (Robichaud et al.
2008).
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Fig. 2. Location of the six paired watershed study sites in the western USA with a detailed topographic map of the Valley Complex site as an example of a
typical site.

The amount of time it takes for burned sites to recover to
prefire conditions is not yet well understood. DeBano et al.
(1996) demonstrated that following a wildfire in ponderosa pine,
sediment yields from a low severity fire recovered to normal lev-
els after 3 years, but moderately and severely burned watersheds
took 7 and 14 years, respectively. Other post-wildfire recovery
studies have indicated that sediment yields generally decrease by
an order of magnitude with each year since the fire and recover
with no measurable fire-influenced erosion by the 4th or 5th
year (Robichaud and Brown 2000; Robichaud et al. 2000). How-
ever, data on this subject are sparse because of the duration and
expense required to measure recovery.

Paired watershed studies have been widely used in the United
States since the early 1900s to determine effects of various tim-
ber and grazing management practices (Bates and Henry 1928;
Forsling 1931). Typically, these experiments evaluated differ-
ences in two watersheds of similar size during a pretreatment
(calibration) period and for several years after treatment. The
calibration period was used to determine how well matched
the watersheds were with respect to hydrologic response. To
date, there have been few significant reports of paired water-
shed experiments that include a watershed burned by wildfire
(Hoyt andTroxell 1934; Helvey 1980; Scott 1997; Loáiciga et al.
2001). As a wildfire ‘treatment’ is nearly impossible to replicate
in a managed setting, no calibration period can be established
when using matched watersheds for post-wildfire studies.

The goals of the present study were to evaluate the effec-
tiveness of LEBs at reducing runoff and erosion at the small-
watershed scale and to gain insight as to the underlying
process(es) that control LEB effectiveness. Specific objectives
were to: (1) compare total runoff, peak flows, and sediment
yields from treated and untreated small watersheds; (2) deter-
mine the relationship between the size of rainfall events and
effectiveness of the contour-felled LEBs; (3) measure and
characterise the key performance traits of the contour-felled
LEBs; and (4) quantify post-fire increases and recovery over
time of runoff, peak flow, and sediment yields in western
forests.

Methods

We designed and initiated a study in autumn 1998 to measure
runoff and sediment yields from matched small (1 to 13 ha)
watersheds burned at high severity – one burned watershed was
treated with LEBs and the other was left as a burned, untreated
control. Between 1998 and 2002, a total of six sites throughout
the western United States (North 25, Mixing, Valley Com-
plex, Fridley, Hayman, and Cannon) (Fig. 2) were established
immediately after large wildfires. As no prefire or pretreatment
runoff, peak flow, or sediment yield data were available, it was
assumed that the matched watersheds behaved similarly before
treatment.
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At each site, the two watersheds were located in close prox-
imity to each other to minimise differences in climate, soils,
prefire vegetation, land use, topography (elevation, aspect, and
slope), and burn severity (Hewlett 1971) (Table 1). All sites were
located in areas of high burn severity as determined by post-fire
assessment teams and were protected from other disturbances,
such as salvage logging or grazing, for the duration of the study
(4 to 6 years).

Trained crews used standard techniques (USDA Forest Ser-
vice 2004) to install LEBs on each of the treated watersheds
within weeks of wildfire containment. In the Valley Complex,
Fridley, and Hayman sites, additional loose soil was mounded
at each end of the log to form an earthen end berm that angled
upslope.

Sediment traps and instrumentation
A sediment trap and control section were installed at the outlet
of each watershed (Robichaud and Brown 2003). A galvanised
sheet metal head wall was formed on site to fit the channel shape
and constructed to contain eroded sediment (Fig. 3).At the North
25 site, a 300-mm H-flume was installed immediately down-
stream of the sediment trap. At the Mixing, Valley Complex,
and Fridley sites, flow was measured with a 450-mm H-flume
installed in the top-centre of the metal head wall. At the Hay-
man and Cannon sites, the control section was a 380-mm 90◦
V-notch weir cut in the top-centre of the head wall (Fig. 3). A
trash rack was installed ∼1 m upstream of each head wall to pro-
tect the control section from debris and to make the flow through
the control section less turbulent. Each sediment trap was sur-
veyed to determine the maximum storage volume as well as a
depth–volume relationship.

A weather station was installed at each site to measure cli-
mate and soil conditions. Tipping bucket rain gauges were used
to measure rainfall near the outlet and in the uplands of each
watershed, except at the Hayman site, where the outlets of the two
watersheds shared one rain gauge and there was only one upland
gauge until 2004. Water level in each flume or weir was mea-
sured using a magnetostrictive linear displacement transducer –
a magnetic float along a stainless steel rod (MTS Systems Inc.,
Cary, NC, USA).A The accumulated sediment, snow, or runoff
in each sediment trap (except North 25) was measured using an
ultrasonic depth sensor (Judd Communications Inc., Salt Lake
City, UT, USA).A All measurements were made and recorded
every 5–10 min except for rainfall, which was continuously
measured, and the cumulative rainfall was recorded in 1-min
intervals. A solar-charged, battery-powered CR10 data logger
(Campbell Scientific Inc., Logan, UT, USA)A was used to con-
trol the instruments, store the data, and transmit the data via
modem to a common server. Events with at least 6 h between
rain gauge bucket tips were treated as separate rain storms. For
each storm, the total rainfall (mm), duration (min), and 10-min
and 30-min maximum rainfall intensities (I10 and I30, respec-
tively) were calculated and averaged across all available gauges.
Return periods were calculated using a rainfall-frequency atlas
(Miller et al. 1973; Arkell and Richards 1986; Bonnin et al.
2004). Rain storms were classified as ‘large’ if the return period

ATrade names are used for the benefit of the reader and do not imply endorsement by the US Department of Agriculture.
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Fig. 3. Typical paired watershed sediment trap and instrumentation: (a) sheet metal head wall; (b) sediment
storage area; (c) trash rack; (d) V-notch weir; (e) magnetostrictive linear displacement transducer (stage sensor); ( f )
ultrasonic depth sensor; (g) tipping bucket rain gauge. This photo is from the Hayman site (from Robichaud 2005).

for the 10-min duration was at least 2 years, and ‘small’ oth-
erwise. The I10 (mm h−1) corresponding to the 2-year, 10-min
duration was different for each site: 32 at North 25; 48 at Mixing;
31 at Valley Complex; 36 at Fridley; 56 at Hayman; and 43 at
Cannon.

Site characterisation
The six sites were located in diverse conifer-dominated ecosys-
tems across the western United States (Table 1). Each small
watershed was ephemeral; surface runoff only resulted from rain
or snowmelt events. Watershed boundaries were surveyed using
a geographical positioning system to determine the area of each
watershed, which ranged from 1.2 ha (Mixing) to 13.3 ha (Frid-
ley).The differences in area, elevation, slope, and aspect between
the control and the treated watersheds at each site were minimal,
with a few exceptions (Table 1).

Four of the sites were located in regions with granitic par-
ent material, whereas two of the soils were volcanic in origin
(Table 2). The soils were mostly shallow, gravelly loams, which
is typical in the Bitterroot, Sierra Nevada, and Rocky mountain
ranges. Soil properties were determined from soil series descrip-
tions, soil maps, on-site soil surveys, and field and laboratory
measurements. Bulk densities of the soils ranged from 0.83 to
1.39 g cm−3 (Table 2).

A nearby weather station was used to characterise the long-
term precipitation for each site, which varied from 400 to
915 mm annually (Table 3). As one might expect, the precipi-
tation amount influenced the vegetation type at each site. Prior

to the fires, the drier sites (Mixing, Hayman, Cannon) had
pines (Coulter [Pinus coulteri D. Don], ponderosa [P. ponderosa
Laws.], and Jeffrey [P. jeffreyi Grev. and Balf.] pines, respec-
tively) as the dominant overstorey vegetation, whereas the wetter
sites (North 25, Valley Complex, and Fridley) had grand fir
(Abies grandi [Douglas] Lindley) or Douglas-fir (Pseudotsuga
menziesii [Mirbel] Franco) as the dominant overstorey species
(Table 3). Similarly, at the dry sites, the prefire understorey
consisted of chaparral whitethorn (Ceanothus leucodermis E.
Greene), common juniper (Juniperus communis L.), or sage-
brush (Artemisia tridentate Nutt. ssp. vasevana [Rydb.] Beetle),
whereas the wetter sites had ocean spray (Holodiscus discolor
[Pursh.] Maxim), ninebark (Physocarpus malvaceus A. Nelson),
or snowberry (Symphoricarpos albus S. F. Blake) (Table 3).

To further characterise the LEB-treated watersheds, the num-
ber, size, slope, and storage capacity of each LEB was measured
before the first sediment-producing storm. The storage capacity
of all LEBs at each site was calculated as:

V =
n∑

i=1

Lidiwi(1 − si)(1 − ci) (1)

whereV was the total site storage capacity (m3); n was the number
of LEBs at the site; L was the maximum of either the LEB length
(Fig. 1) minus 1 m (to account for log taper and reduced storage
near the ends of the LEB) or the length of the basin above the
LEB (m); d was the mean of three depths of the storage space, as
measured from a horizontal line extended from the crest of the
LEB to the upslope ground surface (m) (Fig. 1); w was the mean
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width of the storage space measured along the same horizontal
line (m) (Fig. 1); s was the slope of the LEB measured along the
contour (m m−1); and c was the portion of the LEB that had poor
ground contact (m m−1), as determined by visual estimate. The
variables s and c reduced the storage capacity of the LEB when
the log was off-contour or had poor contact with the ground,
respectively.

In each year that sediment was produced at a given site, and in
summer 2004 at all sites, the LEBs were evaluated to determine
sediment-trapping efficiency and quality of performance. Visual
estimates of the volume of sediment stored behind the LEBs, t
(m3), were used to calculate the LEB storage ratio, SLEB (%),
where:

SLEB =
(

t

V

)
100 (2)

and V (m3) was the total site LEB storage capacity (Eqn 1). The
performance characteristics that compromised the functioning
of the LEBs also were evaluated and classified as: (1) evidence
of water flow under or around the LEB; (2) settling or instal-
lation gap between the LEB and ground surface; (3) evidence
of the log rolling or moving away from its original location; or
(4) overtopping of the LEB by a sediment plume.

The ground cover was classified in each watershed each year
using one of the following three methods. In the North 25 site,
ground cover in a 20 × 50-cm plot was visually estimated fol-
lowing Daubenmire (1959), which included a separate visual
assessment of vegetative canopy cover for each plot; ground
cover and vegetative canopy cover were measured in 20 plots
in each watershed. In the Mixing site, 25 randomly located
1-m2 plots were established and the ground cover was estimated
by visual estimate. In all other sites, four to six transects were
established per watershed and ground cover was classified using
point-quadrat sampling techniques adapted from Chambers and
Brown (1983). For all sites, ground cover classes were: bare
mineral soil; vegetation including grass, forb, shrub, moss, tree,
snag, and tree root (because of the different method at North 25,
vegetative canopy cover was not included in total ground cover);
litter including root mat and small woody debris (≤2 cm); woody
debris including large pieces of wood (>2 cm) and LEBs; and
rock, including gravel (>2 mm) and cobbles (>64 mm), except
in the North 25 site, where gravel was classified as mineral soil
and in the Hayman site where gravel was >10 mm.

Runoff
For each runoff-producing event, the stage, h (mm), was con-
verted to flow rate, Q (m3 s−1), using the relationship for the
control section. For the 300-mm H-flume at the North 25 site,
the depth–flow relationship was:

Q = 3.41 × 10−7h2.08 (3)

whereas at the Mixing, Valley Complex, and Fridley sites, the
depth–flow relationship for the 450-mm H-flumes was:

Q = 4.96 × 10−7h2.04 (4)

The depth–flow relationship for the 380-mm V-notch weirs
at the Hayman and Cannon sites was:

Q = 4.89 × 10−8h2.48 (5)

(USDA 1979). The volume (m3) of flow through each control
structure (flume or weir) was calculated for the duration of each
flow event and added to the residual volume in the sediment trap
to determine the rain or snowmelt event-driven runoff produced
by each watershed. The peak flow rate through the control sec-
tion was compared with the maximum change in volume in the
sediment trap per unit time and the larger of these two values
was chosen as the peak flow for each watershed and flow event.
All runoff and peak flow values were a combination of water and
dissolved, suspended, and bedload sediment. Runoff reported in
the current study is storm flow; runoff that was not associated
with a rain or snowmelt event occurred in some of the water-
sheds and this data was not included in our analysis. Runoff data
from the LEB-treated watershed at the North 25 site were not
consistently recorded and are not presented.

Sediment yield
The sediment accumulated in the sediment traps was periodi-
cally removed. For large quantities of sediment, the volume of
the accumulated sediment was measured, bulk density samples
were taken, and the sediment was removed using mechanical
equipment. Smaller quantities of accumulated sediment were
manually removed, weighed, and sampled. In the laboratory, the
soil water content of the sediment samples was determined and
field-measured sediment volumes or weights were converted to
dry sediment mass using the bulk density or soil water content.

Data analysis
For all analyses, runoff, peak flow, and sediment yields were
divided by the area of each watershed and were expressed as per-
unit-area values (mm, m3 s−1 km−2, and Mg ha−1, respectively).
Post-fire year was defined to group events that occurred in a
single wet season within the same year; thus, the fire year began
with the start of the fire and ended on 31 October of the same
calendar year. Subsequent post-fire years started 1 November
and ended 31 October.

Ground cover was averaged by class for each of the four to
six transects (groups of five plots at Mixing) in each watershed.
Each transect was then treated as an independent observation
of cover for each watershed. Repeated-measures analyses were
conducted for each watershed at each site using each transect
as the subject and the post-fire year as the period of repetition
(Littell et al. 1996). Least significant differences were used to
compare differences in least-squares means (SAS Institute Inc.
2003).

The runoff, peak flow, and sediment yield data were log-
transformed to reduce heteroscedasticity (Helsel and Hirsch
2002). To log-transform data with zero values, 0.003 mm was
added to all runoff values, 0.001 m3 s−1 km−2 was added to all
peak flow values, and 0.003 Mg ha−1 was added to all sediment
yield values. Repeated-measures analyses were used to test for
significant relationships in log-transformed runoff, peak flows,
and sediment yields between the treated and control watersheds
for each event with complete data. A serial correlation among
measurements was included in the repeated-measures models
by assuming a spatial power function of the number of days
after burning for each event at each site (Littell et al. 1996). The
rainfall total, I10, and I30 were also tested as covariates (Helsel
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Table 4. Number of contour-felled log erosion barriers (LEBs), LEB density, mean LEB length, LEB length per unit area, mean LEB diameter,
sediment bulk density, and total volumetric and gravimetric site storage capacities for the six sites

Site No. of LEB density LEB length LEB length LEB Sediment Total unit-area Total unit-area
LEBs (no. ha−1) (m) per unit area diameter bulk density storage capacity storage capacity

(m LEB ha−1) (mm) (Mg m−3) (m3 ha−1) (Mg ha−1)

North 25A 388 46 4.0 184 171 0.97 5.2 5.0
MixingA 157 131 5.5 721 223 1.20 58 70
Valley Complex 333 119 8.8 1047 185 1.41 52 73
Fridley 829 70 8.4 588 213 1.25 38 48
Hayman 340 110 7.7 847 186 1.03 67 69
CannonA 980 90 3.6 324 184 0.99 16 16

ANo end berms installed above LEBs. End berms increased storage capacity by 16% at the Valley Complex site; the change in capacity was not calculated
for the Fridley or Hayman sites.

and Hirsch 2002). In some cases, more than one event occurred
between sediment measurements. For these events, the total rain-
fall and sediment yield and the maximum rainfall intensities were
used for the event-based analysis. These statistical models took
the form

log10(Yij + �) = β0 + β1 log10(Xij + �) + β2Zij

+ β3Tij + εij (6)

where Yij was the runoff (mm), peak flow (m3 s−1 km−2), or
sediment yield (Mg ha−1) in the ith treated watershed for the jth
event; � was the zero value offset (0.003, 0.001, or 0.003 for
runoff, peak flow, and sediment yield, respectively); Xij was the
runoff, peak flow, or sediment yield in the ith control watershed
for the jth event; β0 was the model intercept; β1 was the modelled
slope for the logarithm of Xij; Zij were the rainfall parameters
from the treated watershed (event rainfall in mm, I10 in mm h−1,
or I30 in mm h−1) for the ith site and the jth event; β2 was the
modelled slope for Zij; Tij was the number of years after burning
for the ith site and the jth event; β3 was the modelled slope
for Tij; and εij was the residual error for the ith site and the
jth event. Because of a lack of independence between rainfall
characteristics, only the most significant Z, if any, was retained in
the model. To evaluate site by site differences, models were also
calculated for each site using the same variables as the models
developed for all sites together.

To interpret the statistical significance of the runoff, peak
flow, and sediment yield results, the modelled relationships
between the treated and control watersheds were compared
with an ideal pretreatment relationship. As it was impossible to
establish a calibration period before treatment, the pretreatment
response for each treated watershed was assumed to be equal to
the response of its respective control watershed (i.e. a 1 : 1 ratio).
If the confidence limits of β1 (slope in Eqn 6) included 1, there
was no difference between the measured relationship and the
assumed pretreatment relationship and, therefore, no treatment
effect.

Multiple regression analysis with forward selection was used
to determine the controlling factors on the LEB storage capaci-
ties. The significance level was 0.05 for all tests unless otherwise
noted.

Results
Contour-felled logs
Over 3000 LEBs were measured in total immediately after
installation at the six sites. The LEB mean length at each site
was between 4 and 9 m, and the mean diameter ranged from
171 to 223 mm (Table 4). The LEB density varied from 46 to
131 LEBs ha−1 (Table 4). The North 25 site had the lowest LEB
density and the second lowest mean LEB length, and this resulted
in the lowest total length of LEB per unit area (184 m LEB ha−1)
and the lowest unit-area storage capacity (5.0 Mg ha−1). In con-
trast, the Valley Complex site had the second greatest LEB
density and the greatest mean LEB length, yielding the greatest
site storage capacity (73 Mg ha−1) (Table 4). As this suggests, as
the number and length of LEBs per unit area increased, the poten-
tial storage capacity also increased. Indeed, the LEB length per
unit area (m LEB ha−1) was the best predictor of the site storage
capacity (n = 6, P = 0.01, R2 = 0.82).

Precipitation
Based on data from the long-term rain gauges, all sites had mean
annual precipitation values below the long-term averages for
at least half of the study. Of the 26 site-years of precipitation
data available during the study period, 19 were below the long-
term average for the site. With the exceptions of the Mixing
and Hayman sites, these low rainfall amounts resulted in rel-
atively few events that produced runoff or sediment (Table 5).
Of the 63 events that produced runoff in at least one of the
matched watersheds during the study, 60 were from rainfall and
only three were from snowmelt (13 April 2003 and 4 April 2006
at Valley Complex and 13 March 2003 at Fridley). The mini-
mum sediment-producing rainfall was 3.6 mm (North 25) and
the minimum sediment-producing I10 was 3 mm h−1 (Mixing).
Of the 60 rain events, 10 were large events with return periods
of at least 2 years for the 10-min duration (Table 5). By this def-
inition, only the Hayman site did not experience any large rain
events during the study and only the Fridley and Valley Complex
sites had large events during the first 2 post-fire years (Table 5).

In addition to the 60 rain events that produced runoff, 1589
storms with durations of at least 5 min occurred in post-fire
years 1 through 4 but did not produce runoff. The median I10
of the events that did not produce runoff was 3 mm h−1. In
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Fig. 4. Mean ground cover for each year after burning at each site. Different letters within a site indicate significant differences
from the least significant differences test of least-squares means (α = 0.05). Ground cover data were not collected in the North 25
watersheds in the fire year and in post-fire years 5 and 6 or in the Mixing watersheds in the fire year. Vegetative cover data for North 25
site were measured using a different method than at the other sites and are not included in the analysis.

the first post-fire year, the maximum I10 for non-runoff pro-
ducing events ranged from 9 mm h−1 (Mixing) to 34 mm h−1

(Valley Complex), whereas in the second year the range of I10s
for non-runoff-producing events was from 11 mm h−1 (Mixing)
to 41 mm h−1 (Fridley). These values continued to increase in
post-fire years 3 and 4, and the range of maximum I10s that did
not produce runoff in post-fire year 4 was 15 mm h−1 (North 25
and Cannon) to 46 mm h−1 (Hayman). Although the events that
did produce runoff generally had I10s of at least 7 mm h−1

(Table 5), events with greater intensity occurred without produc-
ing measurable runoff at the watershed outlet.The post-fire years
3 and 4 had fewer runoff events except when higher-intensity rain
occurred (Table 5).

Ground cover
There was no difference in ground cover between the control
and treated watersheds in any site or year with the exception of
the Cannon site in the fire year and first post-fire year (data not
shown). The vegetative component of cover increased signifi-
cantly in each site over the course of the study, thus significantly
increasing the ground cover at all sites except in North 25, where
vegetation was measured separately from ground cover, and in
Cannon, where high initial measures of rock cover were later con-
cealed by vegetation (Fig. 4). The lack of a difference in ground
cover between the control and treated watersheds in almost all
sites and years suggests that the LEB treatment had little or no
effect on the natural post-fire ground cover or the vegetative
recovery processes.

Runoff and peak flows
There was a large range in values for runoff and peak flow among
the sites and between the treated and untreated watersheds within
sites. Across all sites, the maximum runoff was 8.6 mm (48%
of the rainfall) following 18 mm of rainfall (I10 = 52 mm h−1)
on 9 August 2003 at the Hayman site (Table 5). The maxi-
mum measured runoff values at the other sites were 1.2 mm on
30August 1999 at North 25 (9% of the event rainfall), 1.6 mm on
9 September 2004 at Mixing (2% of event rainfall), 5.7 mm
on 13 April 2003 at Valley Complex (from snowmelt), 4.7 mm
on 13 March 2003 at Fridley (from snowmelt), and 0.9 mm on
18 July 2006 at Cannon (3% of event rainfall). The mean peak
flow was 0.5 m3 s−1 km−2 in the control watersheds (n = 54)
and only 0.3 m3 s−1 km−2 in the treated watersheds (n = 52).
The overall maximum peak flow (5.0 m3 s−1 km−2) occurred at
the Hayman site during the same 9 August 2003 rain event, and
all other site maxima ranged between 0.02 and 1.6 m3 s−1 km−2

(Table 5).
Modelling the runoff as in Eqn 6, across all events and all

sites, the modelled slope between the log-transformed runoff on
the treated watersheds and the log-transformed runoff on the
control watersheds was 0.35, which means that, on average,
the log-transformed runoff on the treated watershed was 35%
of the log-transformed runoff on the control watershed (Table 6).
Also, the log-transformed peak flow rate in the treated water-
sheds was 65% of the log-transformed peak flow rate in the
control watersheds (Table 6). Both of these relationships were
significant. Also, when the storms were classified as large or
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Fig. 5. Runoff rates from the contour-felled log erosion barrier treated
watersheds v. runoff rates from the control watershed for each event that
produced runoff in at least one watershed at each site. No runoff data are
available from the North 25 treated watershed. The assumed pretreatment
relationship is indicated by the 1 : 1 (solid) line. Large storms were defined
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small and the runoff and peak flows were then modelled as
in Eqn 6, the confidence intervals for the slopes (β1) for the
small events did not include 1, the assumed pretreatment rela-
tionship, whereas the confidence intervals for the slopes for
the large events did include 1 (Table 6; Figs 5 and 6). On a
site-by-site basis, the slopes of the log-transformed treated v.
control runoff relationships (β1) were only significantly differ-
ent from 1 at the Mixing and Valley Complex sites (Table 6).
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watersheds v. sediment yields from the control watersheds for each event that
produced sediment in at least one watershed at each site. The assumed pre-
treatment relationship is indicated by the 1 : 1 (solid) line. Large storms were
defined as having at least a 2-year return interval for the 10-min duration.

Similarly, the slopes of the log-transformed treated v. control
peak flow relationships were only significant at the Mixing and
Fridley sites (Table 6). The total rainfall was a significant covari-
ate for the log-transformed runoff, as the runoff increased with
increasing storm rainfall (Table 6). None of the rainfall charac-
teristics were significant covariates for the log-transformed peak
flows. Also, the time since burning did not significantly affect
the log-transformed runoff or peak flows.

Although the LEB treatment did not produce a significant
effect on runoff and peak flow at each site, consistent trends
were observed within sites. The Valley Complex, Fridley, and
Hayman sites generally had more runoff and greater peak flows
in the control watershed than in the treated watershed (Table 5).
In contrast, the Mixing and Cannon sites typically had greater
runoff in the treated watershed than in the control watershed
(Table 5). In the Mixing site, peak flows were greater in the
treated watershed than in the control watershed for the first five
events, whereas in the Cannon site, peak flows were greater in
the treated watershed for the one event with a measurable peak
flow (Table 5).

Sediment yields
As with the runoff and peak flow data, there was a large
range in measured event and annual sediment yields within
and among sites. The control watershed at the Hayman site
produced 19.8 Mg ha−1 of sediment during the 9 August 2003
event, and this was the greatest sediment yield from any event
at any watershed (Table 5). The largest event sediment yields
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for the other sites were 0.7 Mg ha−1 in North 25, 1.3 Mg ha−1

in Mixing, 0.6 Mg ha−1 in Valley Complex (the result of two
events), 6.7 Mg ha−1 in Fridley (the result of three events), and
15.2 Mg ha−1 in Cannon (Table 5). Except for the North 25 and
Cannon sites, these maxima occurred in the control watersheds.

When the event-based sediment yields from all sites were
analysed as in Eqn 6, the relationship between the log-
transformed LEB-treated and control sediment yields was sig-
nificantly different from 1, indicating a significant treatment
effect (Fig. 7). The modelled slope for this relationship was 0.34
(Table 6), which means that, on average, the log-transformed
sediment yield in the LEB-treated watershed was 34% of the log-
transformed sediment yield in the control watershed. As with the
runoff and peak flows, there was a significant treatment effect
on sediment yield for the small rain events but not for the large
events (Table 6; Fig. 7). On a site-by-site basis, only Mixing had
significant treatment effects on sediment yields (Table 6).

The I10 and years after burning were significant covariates
in the log-transformed sediment yield model based on Eqn 6
(Table 6; Fig. 8).The log-transformed watershed sediment yields
increased significantly with greater I10 (Fig. 8) and decreased
significantly with more years since burning (Table 6).

As with the runoff and peak flow results, the event sedi-
ment yield data reflected trends within sites. The North 25,
Valley Complex, and Hayman sites generally had lower sedi-
ment yields in the LEB-treated watershed than in the control
watershed (Table 5). Conversely, the treated watershed produced
greater sediment yields than the controls for 13 of the 17 events
at the Mixing site, and 9 of these were in the first post-fire year.

On an annual basis, the first-year total sediment yields in
the control watersheds ranged from 0.14 Mg ha−1 year−1 (Can-
non) to 24.4 Mg ha−1 year−1 (Hayman) (Table 7). Similarly,
the first-year sediment yields in the treated watersheds ranged
from 0.12 Mg ha−1 year−1 (Cannon) to 11.4 Mg ha−1 year−1

(Hayman). The Mixing, Valley Complex, Fridley, and Hay-
man sites produced sediment in the 2nd year after burning.
These yields ranged from 0.01 Mg ha−1 year−1 (Cannon) to
7.1 Mg ha−1 year−1 (Hayman) in the untreated watersheds,
and from 0 Mg ha−1 year−1 (Cannon) to 1.4 Mg ha−1 year−1
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(Hayman) in the treated watersheds (Table 7). All sites except
Hayman had measurable sediment yields more than 2 years after
the fire (Table 5).These higher-year sediment yields were greater
in the control watersheds than in the treated watersheds except
at the Cannon site in post-fire year 4, where one very large storm
produced more sediment in the treated watershed (Table 5).

Contour-felled log erosion barrier storage ratios
and performance
As might be expected from the significant treatment effects, the
LEBs stored some sediment in the watersheds at each site. Based
on the 2004 sediment storage estimates, the LEBs stored between
20 m3 (Valley Complex) and 140 m3 (Fridley). The LEB storage
ratio (SLEB, Eqn 2) values ranged from 14% (Valley Complex)
to 78% (North 25) (Table 8).

Table 8. Contour-felled log erosion barrier (LEB) sediment storage
ratio (SLEB) (Eqn 2) by post-fire year and site

‘n.e.’ indicates the volume of sediment stored behind the LEBs was not
estimated

Site Sediment storage ratio (SLEB)
Post-fire year

1 2 3 4 5 6

North 25 63 63A 63A n.e. 99 78
Mixing n.e. 13 10 21 71 71A

Valley Complex 6 2 36 14 14A n.e.
Fridley 37 47 33 n.e. n.e.
Hayman 17 43 43A 43A

Cannon 0.7 47 47A 61

ANo sediment was produced from the treated watershed after the previous
sediment estimate.

All sites

A,25

D,8

F,38

C,33

E,17

B,23

Valley Complex

A,27

C,59

D,2

E,9

F,26

B,7

Cannon

A,29

B,2

C,31

D,11

E,24

F,33

Hayman
A,21

B,411

C,33

D,6

F,26

E,17

Fridley

C,42D,6
E,14

F,59
B,42

A,13

Mixing
A,19

B,66C,3
D,7

E,3

F,39

North 25

A,42

B,13
C,5D,7

E,21

F,30

No performance deficiency (A)
Flow under or around log (B)
Gap between log/ground (C)
Log rolled or moved (D)
Log overtopped (E)
Log �5% off-contour (F)

Fig. 9. Proportion of sampled logs by defect type for all sites and for individual sites. Proportions may not total 100%, as multiple defect types may have
occurred on individual logs. The survey was conducted in summer 2004.

In the 2004 LEB survey, 25% of all logs sampled had no
performance deficiency (Fig. 9). The most commonly observed
LEB defect was a log slope of more than 5% off-contour, which
occurred in 38% of all sampled LEBs across all sites. The other
defect rates were: a gap between log sections and the ground
surface due to poor installation or settling over time (33% of
sampled LEBs); evidence of water flowing under or around the
ends of the LEBs, which occurred on 23% of the LEBs sam-
pled; a sediment plume overtopping the LEB without completely
filling the storage volume (17% of LEBs sampled); and move-
ment or rolling of the LEB (8% of LEBs sampled) (Fig. 9). The
frequency of these faults varied by site (Fig. 9).

Two types of LEB defects were correlated with LEB dimen-
sions. The proportion of LEBs that had moved decreased with
increasing mean LEB length (R2 = 0.83, n = 6). This suggests
that longer LEBs were less likely to move once they were
anchored in place. The lowest defect rates for LEB movement
were at Valley Complex (2%), Fridley (5%), and Hayman (5%)
(Fig. 9). These sites also had the greatest mean LEB lengths
(8.8 m, 8.4 m, and 7.7 m, respectively). Also, the proportion of
LEBs that overtopped decreased with increasing LEB density
(number of LEBs ha−1) (R2 = 0.72, n = 6).

Discussion

The runoff, peak flow, and sediment yield results show that
LEBs can provide a significant treatment effect, reducing the
log-transformed responses by as much as 65% as compared with
the controls (Table 6). However, these results may be somewhat
misleading because 56 of the 66 responses resulted from small
rain storms or snowmelt. Because of the data bias towards small
storms, it is impossible to discuss the results without addressing
the relative magnitude of the storms that occurred, as measured
by the return period.
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The Mixing site was the only site to produce significant
treatment effects on sediment yield on an individual basis
(Table 6). The Mixing site had the second highest storage capac-
ity (Table 4) and the maximum sediment stored behind the LEBs
(41 m3 ha−1). This probably was the cause for the significant
reduction in sediment yields at this site. However, the Hayman
site, which had the greatest storage capacity (Table 4) and stored
29 m3 ha−1 of sediment, showed no significant treatment effects,
and this was likely a result of the wide range in responses mea-
sured over the 4-year period (Table 5). For the other sites, the
lack of a significant treatment effect was a result of the rela-
tively small amount of sediment stored behind the logs (3.0 to
13 m3 ha−1).

The control watershed in the Hayman site had greater mea-
sured runoff and sediment yield values than all other sites in the
study. These study-wide maxima resulted from a first post-fire
year storm with an I10 of 52 mm h−1 (Table 5), which was less
than the 2-year, 10-min storm (56 mm h−1) calculated for the
Hayman site. Although the Hayman LEB-treated watershed had
39% less runoff and 47% less sediment yield than the control for
this storm, the sediment yield from the treated watershed was still
9.4 Mg ha−1, the fourth largest measured event sediment yield
during the 31 study-site years. This magnitude of erosion likely
would be considered unacceptable, especially after treatment,
by most land managers. Despite the small storm classification
and the limited effectiveness of the LEB treatment, the observed
large response was a result of the high rainfall intensity of this
event.

There were over 1500 rain events in the first 4 post-fire years
that did not produce runoff in the control watersheds, and 382 of
those had I10s greater than 7 mm h−1, a rain intensity that often
produced runoff (Table 5). Although rainfall intensity was a key
factor controlling post-fire sediment yields (Table 6) (Moody and
Martin 2001a), these data suggest that site conditions, which
can vary over a single season, also influence the extent and
magnitude of those responses. Although not considered in this
analysis, it was likely that general site conditions, such as soil
moisture, degree of soil water repellency, and the degree of
post-fire recovery, influenced the watershed responses to rainfall
events.

When we compared the runoff, peak flows, and sediment
yields between the control and treated watersheds for large and
small events, only the small events produced a significantly
smaller slope than the assumed equivalence. These results sug-
gest that LEBs were an effective treatment for reducing runoff
and peak flow for small events, but not for large events (Table 6;
Figs 5 and 6). The sediment yields also showed a treatment effect
for small storms but not for large storms (Table 6). Although the
slopes in the sediment yield models for small and large events
are nearly equal (Fig. 7), the confidence interval of the slope for
the large events is much greater and includes 1 (Table 6). The
difference in the regression lines between the treated and the
control watersheds for the sediment yield response to I10 also
suggests a treatment effect for small rain events and no treat-
ment effect for large rain events (Fig. 8). This result is similar
to results in two previous studies where LEBs were evaluated at
smaller scales. One study found LEBs were ineffective in large
storms but could be effective for small events given sufficient
sediment-storage capacity (Wagenbrenner et al. 2006). Another

study found LEBs were effective at reducing runoff from simu-
lated low-intensity rainfall and inflow but did not reduce erosion
from either simulated low-intensity rainfall and inflow or natural
rainfall (Robichaud et al. 2008).

Rills were often observed around the ends of LEBs that
were installed off-contour and underneath LEBs that had gaps
between the LEB and the soil surface. In these cases, the LEBs
acted as runoff collectors, and the concentrated flow leaving the
LEBs probably had greater flow velocity and sediment-carrying
capacity than the less concentrated flow from above the LEB.
This likely resulted in greater local erosion rates than if the
LEBs had not been installed. About one-quarter of all the LEBs
inspected in 2004 showed evidence of flow beneath or around the
ends; yet, there was sufficient storage capacity in both the defec-
tive LEBs (often able to store some runoff and sediment), and
the properly installed LEBs downslope of the defective LEBs
to produce a net reduction in runoff and sediment yields at the
small-watershed scale.

With the exception of one site (Valley Complex), the eroded
sediment trapped by LEBs generally filled between 33 and 78%
of the total LEB sediment storage capacity (Table 8). The SLEBs
(Eqn 2) estimated at the six sites in the present study were very
similar to the sediment-trapping efficiency reported in an earlier
plot-scale LEB study (Robichaud et al. 2008). Based on obser-
vations, LEBs frequently intercepted concentrated flow with
entrained sediment and the sediment was deposited in a small
section of the LEB, leaving much of the total sediment storage
capacity unused. These observations, combined with the LEB
performance survey results (Fig. 9), indicate that LEB sediment-
trapping efficiency could be improved by (1) adding soil berms
to the ends of the LEBs; (2) increasing the LEB length per unit
area; and (3) increasing quality control during LEB installation to
ensure that LEBs are placed on contour, securely anchored to the
ground, and gaps between the LEB and the ground are sealed.
However, these improvements would also increase installation
time and cost.

At the Mixing site, the sediment yields in the first post-fire
year were greater in the treated watershed than in the control
watershed; however, in post-fire years 2 and 3, the sediment
yields generally were greater in the control than in the LEB-
treated watershed. Also, in both the North 25 site and the Fridley
site, the first two sediment-producing rain events produced sed-
iment in the treated watersheds but not in the untreated control
watersheds (Table 5). Although differences in rainfall intensity
between the treated and control watersheds were observed, these
results suggest that LEB installation may cause enough soil dis-
turbance to produce an increase in sediment yields, especially
in the first few storms after installation. This response to LEB
installation was not observed at the Hayman and Valley Com-
plex sites where, with the exception of one sediment-producing
event (Hayman, 29 July 2003), the greater sediment yields were
always in the untreated watersheds (Table 5).

Few studies have measured post-fire runoff or peak flows, and
even fewer have measured these effects at the small-watershed
scale. However, using runoff efficiency (the ratio of runoff to
rainfall), results from the current study can be compared with
unburned conditions and with recent post-fire studies. Springer
and Hawkins (2005) reported a range in runoff efficiencies of
0.08 to 2.0% from unburned forests throughout the western USA
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and from 0.03 to 19% in a burned 210-ha watershed in northern
New Mexico. Kunze and Stednick (2006) reported runoff effi-
ciencies of up to 17%, whereas the majority of the events had
runoff of less than 2% of rainfall. In comparison, the greatest
runoff efficiency in the present study was 48%, which occurred
on the Hayman control watershed after a storm with an I10 of
52 mm h−1, whereas the maximum efficiency was less than 12%
at each of the other sites (Table 5). In the current study, the
majority of runoff efficiencies were 2% or less and this range
was similar to the values reported by both Springer and Hawkins
(2005) and Kunze and Stednick (2006). The Hayman site, with
an average runoff efficiency of 8%, was the exception within
the present study and differed substantially from the results of
Kunze and Stednick (2006) despite its similar location in the
Colorado Front Range.

Generally, larger post-fire runoff and peak flow rates have
been estimated from smaller areas (Gartner et al. 2004; Neary
et al. 2005), but our results do not reflect this trend. The largest
peak flow in the present study (5.0 m3 s−1 km−2) occurred at the
Hayman site, and this value was similar to the maximum peak
flow rate of 3.9 m3 s−1 km−2 reported by Kunze and Stednick
(2006). Moody and Martin (2001a) reported a peak flow rate of
∼19 m3 s−1 km−2 from the burned Spring Creek watershed, and
this value was approximately four times larger than the maximum
value at the Hayman site. These results were unexpected because
the area of the Hayman watersheds (0.03 km2) was much smaller
than those studied by Kunze and Stednick (2006) (2 to 4 km2)
and Moody and Martin (2001a) (27 km2, 21 km2 of which had
burned). However, when the peak flow rates were normalised
by the rainfall intensity, the peak flow per unit of I30 for the
Hayman site (0.18 m3 s−1 km−2 per unit of I30) was similar to
the 0.09 m3 s−1 km−2 per unit of I30 measured by Kunze and
Stednick (2006) and the 0.2 m3 s−1 km−2 per unit of I30 derived
from Moody and Martin (2001a) data.This comparison suggests
that the rainfall intensity, despite its lack of significance in our
statistical models of runoff and peak flow, plays an important
role in the post-fire peak flow response.

The number of years after burning was a significant covariate
for the log-transformed sediment yields, which indicates that
post-fire sediment yields decrease significantly as time after
burning increases. Previous studies have suggested that post-
fire sediment yields generally decrease by an order of magnitude
with each post-fire year and that burned areas recover with no
measurable fire-influenced erosion by the fourth or fifth post-
fire year (Robichaud and Brown 2000; Robichaud et al. 2000).
However, the North 25, Mixing, and Cannon site data (Table 5)
show that given a storm with a large enough intensity, measurable
erosion can occur in post-fire years 4 and 5. Also, the sediment
yields in the controls at the North 25, Mixing, and Valley Com-
plex sites did not decline by an order of magnitude in the second
post-fire year as compared with the first post-fire year (Table 7).
The recovery period required for post-fire runoff, peak flows,
and sediment yields may be longer than previously reported and
needs further evaluation.

Conclusions

Rainfall characteristics varied widely among the regions where
post-fire matched small watershed sites were located. In all

locations, except for the Mixing site (south-western California),
short-duration, high-intensity rainfall events produced most of
the measured runoff and sediment yields. Even in areas where
snowmelt dominates the hydrologic cycle (North 25, central
Washington; Valley Complex, western Montana; and Fridley,
southern Montana), rainfall events, not snowmelt events, con-
trolled the erosional response. At the Mixing site, long-duration
rain events produced most of the runoff and erosion.

Runoff, peak flows, and sediment yields were generally lower
from the LEB-treated watersheds than the control watersheds,
and these differences were driven by the watersheds’ responses
to small rain events (storms with less than a 2-year, 10-min return
interval). There was no detectable treatment effect for large rain
events with a 2-year or greater return interval at the 10-min
duration.

LEBs can have several defects – both from improper instal-
lation and from degradation over time – that reduce their
effectiveness.The most commonly observed defect in the present
study was logs being installed or later moved off-contour, which
often resulted in scouring and rill formation.

The large variation in runoff, peak flows, and sediment yields
among sites suggests that post-fire assessment teams and land
managers should carefully consider regional climatic, topo-
graphic, and ecological conditions when deciding whether to
apply LEBs as a post-fire erosion mitigation treatment. Most
post-fire assessment teams use rain events with high return peri-
ods as design storms for hydrologic predictions and evaluation
of treatment alternatives. These results suggest that LEBs will
not reduce runoff or sediment yields from rain events that have
return intervals of 2 years or greater. Thus, assessment teams
should carefully consider the probability of exceeding the storm
size in which the LEB treatment could be effective.
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