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Abstract

Active wildfire seasons in the western U.S. warrant the evaluation of post-fire

forest management strategies. Ground-based salvage logging is often used to

recover economic loss of burned timber. In unburned forests, ground-based log-

ging often follows best management practices by leaving undisturbed areas near

streams called stream buffers. However, the effectiveness of these buffers has

not been tested in a post-wildfire setting. This experiment tested buffer width

effectiveness with a novel field-simulated rill experiment using sediment-laden

runoff (25 g/L) released over 40 min at evenly timed flow rates (50, 100 and

150 L/min) to measure surface runoff travel length and sediment concentration

under unburned and high and low soil burn severity conditions at 2-, 10- and

22-month post-fire. High severity areas 2-month post-fire had rill lengths of up

to 100 m. Rill length significantly decreased over time as vegetation regrowth

provided ground cover. Sediment concentration and sediment dropout rate also

varied significantly by soil burn severity. Sediment concentrations were 19 g/L

for the highest flow 2-month post-fire and reduced to 6.9–14 g/L 10-month

post-fire due to abundant vegetation recovery. The amount of sediment

dropping out of the flow consistently increased over the study period with the

low burn severity rate of 1.15 g L−1 m−1 approaching the unburned rate of

1.29 g L−1 m−1 by 2-year post-fire. These results suggest that an often-used

standard, 15 m buffer, was sufficient to contain surface runoff and reduce sedi-

ment concentration on unburned sites, however buffers on high burn severity

sites need to be eight times greater (120 m) immediately after wildfire and four

times greater (60 m) 1-year post-fire. Low burn severity areas 1-year post-fire

may need to be only twice the width of an unburned buffer (30 m), and 2-year

post-fire these could return to unburned widths.
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1 | INTRODUCTION

Large wildfires continue to present global challenges for forest land

management as the size and total area burned has increased (Littell,

McKenzie, Peterson, & Westerling, 2009; Westerling, Hidalgo,

Cayan, & Swetnam, 2006). After wildfires, post-fire assessment teams

evaluate the effects of the fire on the landscape with particular atten-

tion to potential watershed response after rain and snow-melt events

(Robichaud & Ashmun, 2013). The soil burn severity after a wildfire is

assigned based on remotely sensed changes in vegetation and surface

conditions and is validated with ground measurements (Lentile

et al., 2009; Parsons, Robichaud, Lewis, Napper, & Clark, 2010). The

degree of alteration to the soil condition is indicated by one of three

soil burn severity classes: high, moderate or low. Increased soil burn

severity indicates more consumption of vegetation and organic mate-

rial, greater exposure of mineral soil and soil charring, with the possi-

ble loss of soil structure and cohesion (Parsons et al., 2010).

Depending on post-fire management objectives, salvage logging can

be used as a forest management approach to recover and minimize

the economic losses associated with the loss of timber (Peterson

et al., 2009; Sessions, Bettinger, Buckman, Newton, &

Hamann, 2004). However, this logging often occurs when the burnt

landscape is most vulnerable to increased runoff and erosion, and pre-

sents the greatest risk to water quality (Emelko, Silins, Bladon, &

Stone, 2011; Kunze & Stednick, 2006; Lane, Croke, & Dignan, 2004;

Robichaud, Wagenbrenner, & Brown, 2010). There is growing evi-

dence that ground-based post-fire salvage logging with heavy machin-

ery may increase sediment production on impacted areas (Fernández

et al., 2007; Prats, Malvar, Coelho, & Wagenbrenner, 2019;

Robichaud, Lewis, Brown, Bone, & Brooks, 2020; Silins, Stone,

Emelko, & Bladon, 2009; Smith, Sheridan, Lane, & Brena, 2011;

Wagenbrenner, MacDonald, Coats, Robichaud, & Brown, 2015;

Wagenbrenner, Robichaud, & Brown, 2016). Ground-based timber

harvesting approaches use skid trails for hauling trees from their felled

locations to landing areas where logs are loaded for transportation.

High traffic on skid trails and landing areas increases physical distur-

bance to forest soils, mainly through soil compaction (Han, Han, Page-

Dumroese, & Johnson, 2009) and vegetation removal (Wagenbrenner

et al., 2016). The severity and extent of disturbance partially depends

upon harvest methods (Klock, 1975; Morgan et al., 2015; Silins

et al., 2009). The layout of harvest traffic routes becomes important

during storm events when these disturbed areas may become sedi-

ment sources and hydrologic transport pathways which deliver sedi-

ment to downstream waterbodies (Haupt & Kidd, 1965; Megahan &

Kidd, 1972). The potential for increased sediment production from

traffic routes should influence their location and proximity to stream

channels to avoid impairing water quality (Litschert &

MacDonald, 2009).

Past studies have found concentrated flow and rilling to be influ-

ential hillslope erosion processes following wildfire and post-fire sal-

vage logging (Moody & Kinner, 2006; Robichaud et al., 2010;

Wagenbrenner et al., 2016). At the plot scale, bare soil on disturbed

hillslopes tends to generate surface runoff which concentrates into

rills (Benavides-Solorio & MacDonald, 2001; Larsen et al., 2009). Since

rills have greater depth, concentrated flow in rills have greater hydrau-

lic power and thereby more erosive energy than interrill flow

(Pietraszek, 2006; Wagenbrenner, Robichaud, & Elliot, 2010). At the

hillslope scale, rills may connect source areas (i.e., skid trails, landings

and roads) with stream channels, providing dispersed flow paths for

sediment transport (Olsen, Wagenbrenner, & Robichaud, 2020).

Forest practices have been developed to reduce the impact of

harvest activities on sediment nonpoint source (NPS) delivery (Brown,

Brown, & Binkley, 1993; Lee, Smyth, & Boutin, 2004). Prudent prac-

tices require a significantly reduced amount of traffic within close

proximity to stream channels, effectively limiting source areas and

flow paths that may deliver sediment (Rashin, Clishe, Loch, &

Bell, 2006; Ward & Jackson, 2004). Best management practices

(BMPs) use riparian zones as harvest buffers to mitigate upland source

areas from affecting downstream waterbodies by relying upon

undisturbed soils and vegetation in the buffer to infiltrate surface run-

off and increase sediment deposition (Clinnick, 1985; Litschert &

MacDonald, 2009). Buffers that have undisturbed vegetation, litter

and woody debris ground cover may further improve infiltration rates

by maintaining open pore spaces and encouraging sediment deposi-

tion by reducing runoff velocities because of increased surface rough-

ness (Castelle, Johnson, & Conolly, 1994; Megahan &

Ketcheson, 1996).

After wildfire, riparian zones likely lose some effectiveness in

buffering streams from upland sediment sources due to reduced vege-

tation, litter, woody debris and soil organic matter (Johnstone &

Kasischke, 2005). Wildfire can also cause a significant decline in soil

infiltration rates due to water repellent soil conditions (Shakesby &

Doerr, 2006). Wildfire often increases the severity and extent of soil

water repellency with translocated hydrophobic organic compounds

coalescing in shallow soil layers resulting in lower infiltration rates

(Doerr, Shakesby, & Walsh, 2000; Jordán, Zavala, Mataix-Solera, &

Doerr, 2013; Moody, Kinner, & Úbeda, 2009; Robichaud, 2000). Fire-

induced alterations to the buffering characteristics of riparian zones

may lead to higher volumes of surface runoff and higher sediment

loads reaching stream channels. If the reduced buffering capacities of

riparian zones are not considered during post-fire management,

downstream waterbodies may be more vulnerable to sediment

delivery.

Riparian zones with higher soil burn severity may not only experi-

ence reduced buffering capabilities but may be sources of sediment

production during runoff events (Dwire & Kauffman, 2003). There-

fore, remotely sensed imagery and soil burn severity maps may serve

as useful tools to inform managers about locations where riparian

zones may be less effective at reducing sediment delivery.

Forest managers lack information on how to compensate for the

reduced mitigation effectiveness of riparian buffers under post-fire

conditions as it is largely unknown the extent to which current harvest

buffer BMPs are applicable after fire (McIver & Starr, 2001). Typically,

harvest buffers are defined by lateral distances from a stream's

bankfull width. In the U.S. Pacific Northwest, jurisdictions may specify

various buffer width BMPs based upon stream size, or the water
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quality standards connected to the waterbody (Lee et al., 2004). Most

BMPs in the Pacific Northwest region allow for selective harvest

within riparian zones if specified stream shading requirements are

achieved. Some BMPs require harvest buffer width extensions to

include steep hillslopes or exposed, erodible soils that are adjacent to

streams. Yet, in high soil burn severity situations, exposed, erodible

soils may be widespread and stream shading requirements may no

longer be achievable making pre-fire BMP guidance unclear.

Another challenge in the post-fire environment is determining the

extent to which the hydrologic characteristics of a riparian buffer

recover with time since the fire. Sufficient mitigation for NPS sedi-

ment pollution should depend upon the timing of salvage logging

operations after the fire (García-Orenes et al., 2017; McIver &

McNeil, 2006). As vegetative regrowth occurs within riparian zones,

their buffering effectiveness may improve over time and required wid-

ths could decrease in response. Recovery time may vary by location

due to a combination of factors including soil burn severity, soil type,

climate, aspect, and vegetation regrowth (Halofsky & Hibbs, 2008;

Pettit & Naiman, 2007). Additionally, pre- and post-fire management

activities within riparian zones may influence their recovery (Dwire &

Kauffman, 2003). Disturbance to influential factors, like vegetation

regrowth and soil hydrology, may reduce buffering effectiveness and

slow recovery times (Donato et al., 2006; Morgan et al., 2015;

Wagenbrenner et al., 2015). Conversely, a strategy that allows suffi-

cient time for riparian zone recovery should provide access to more

timber as buffer width requirements decrease. However, fire-killed

timber declines in quality and market value over time according to

species, diameter, and deterioration (Lowell & Cahill, 1996). Therefore,

a trade-off must be evaluated between harvesting higher quality tim-

ber immediately after fire and waiting for riparian zone vegetation

recovery to reduce buffer widths requirements that allows for more

timber access. An effective post-fire BMP should include a temporal

component for the proper balance of harvest buffer widths according

to resource extraction and mitigation needs.

This study used a novel field simulation approach to evaluate the

effectiveness of harvest buffer widths by using a variation of a con-

centrated flow experiment (Robichaud et al., 2010). Instead of mea-

suring rill erosion rates with clean runoff (Robichaud et al., 2010;

Wagenbrenner et al., 2015), sediment-laden runoff was applied and

the reduction in sediment concentration and flux with distance was

measured, in order to determine the effectiveness of post-fire harvest

buffers. Our specific objectives were to compare the effects of post-

fire soil burn severity and time since fire on the effectiveness of har-

vest buffer widths to mitigate sediment delivery.

2 | METHODS

2.1 | Site descriptions

Experiments were conducted at two locations, the 2015 North Star Fire

and 2016 Cayuse Mountain Fire within the Okanogan Highlands of the

Inland Northwest Region of the United States. Most of the plots were

located within the perimeter of the 88,000 ha North Star Fire in

Washington (Figure 1), the majority of which occurred on the Confeder-

ated Tribes of the Colville Reservation (post-fire report available at:

https://forest.moscowfsl.wsu.edu/BAERTOOLS/baer-db/2500-8/2500-

8_Northstar%20Fire_Okanogan.pdf; Accessed 16 January 2020). The

remaining plots were located within the perimeter of the Cayuse Moun-

tain Fire, on the Spokane Indian Reservation (BurnedArea Report available

from Spokane Tribe of Indians,Welpinit,WA).

The North Star Fire started on 13 August 2015 and burned in a

temperate forest with dry open stands of predominantly Douglas-fir

(Pseudotsuga menziesii) mixed with ponderosa pine (Pinus ponderosa)

(Clausnitzer & Zamora, 1987; Williams, Kelley, Smith, &

Lillybridge, 1995). Douglas-fir stands had an understory of bluebunch

wheatgrass (Agropyron spicatum), Idaho fescue (Festuca idahoensis), or

ninebark (Physocarpus malvaceus) at lower elevations, and pinegrass

(Calamagrostis rubenscens) and mountain snowberry (Symphoricarpos

oreophilus) at higher elevations, dependent upon microclimate

(Clausnitzer & Zamora, 1987; Williams et al., 1995). The elevation of

the fire ranged from approximately 650 to 2050 m. An analysis of his-

toric fires suggest that occasional large, catastrophic fires have played

a role in this region for many centuries; however, most fires have been

of low intensity (Williams et al., 1995).

Soils at the North Star Fire sites belong to the Nevine Series

which is an andisol derived from volcanic ash over glacial till parent

material, described as ashy over loamy skeletal, glassy over isotic,

frigid Typic Vitrixerand (Soil Survey Staff, Natural Resources Conserva-

tion Service, US Department of Agriculture, 2016). This soil is well-

drained, and typically 50–100 cm in depth to a dense layer (Soil Sur-

vey Staff, Natural Resources Conservation Service, US Department of

Agriculture, 2016). The A horizon is very thin. Clay content is 10%,

sand is 21%, organic matter is 3% and hydraulic conductivity is

32 mm/hr (Soil Survey Staff, Natural Resources Conservation Service,

US Department of Agriculture, 2017). This soil is naturally resistant to

erosion, except when disturbed by compaction with heavy machinery

(Williams et al., 1995).

The Cayuse Mountain Fire started on 23 August 2016 and bur-

ned more than 7,000 ha (Figure 1). Experimental sites at the Cayuse

Mountain Fire were 200 m lower in elevation than those at the North

Star Fire. Forest structure and composition at the Cayuse Mountain

Fire resemble those of lower elevation sites at the North Star Fire,

with dry open stands of Douglas-fir mixed with ponderosa pine. This

suggests a similar fire history as found at the North Star Fire. Soils at

the Cayuse Mountain Fire sites belong to the Dragoon Series, which

is a mollisol derived from volcanic ash over granite, gneiss or schist,

described as fine loamy, isotic, mesic Vitrandic Argixerolls (Soil Survey

Staff, Natural Resources Conservation Service, US Department of

Agriculture, 2016). Clay content is 13%, sand is 31%, organic matter is

3% with hydraulic conductivity reported as the same as the Nevine

Series at 32 mm/hr (Soil Survey Staff, Natural Resources Conserva-

tion Service, US Department of Agriculture, 2017).

Climate in the Okanogan Highlands is generally xeric, due to rain-

shadow effects from the North Cascades (Williams et al., 1995). Cli-

mate data from Republic, WA report mean annual precipitation of
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430 mm, mean maximum temperature of 13.4�C and mean minimum

temperature of −0.1�C, averaged from 1981 to 2010 (Western

Regional Climate Center, 2017). The Cayuse Mountain region is a

slightly warmer climate area, with 530 mm of mean annual precipita-

tion, mean maximum temperature of 14.7�C and mean minimum tem-

peratures of 2.1�C, averaged from 1981 to 2010 (Western Regional

Climate Center, 2017). Precipitation is relatively low from July to

September, and most snowfall occurs from November to February.

Site conditions are influenced by orographic effects.

2.2 | Site selection

After assessing the burned areas, the study sites were selected based

upon consistent soil burn severity (Shakesby & Doerr, 2006), unifor-

mity of hillslopes, proximity to stream channel, and road access. The

soil burn severity map was produced by the Bureau of Indian Affairs

Burned Area Emergency Response team (Figure 1). High soil burn

severity is characterized by complete consumption of the forest floor

and fine roots, altered soil structure, and water repellent soil condi-

tions; whereas low soil burn severity has forest floor partially intact,

no change in soil structure, with little to no water repellency (Parsons

et al., 2010). At the North Star Fire, two high and one low soil burn

severity locations were selected in addition to an unburned control

site. The two high soil burn severity locations each had two rill experi-

ments approximately 30 m apart on the same hillslope, for a total of

four high severity rill experiments. At the low soil burn severity site all

four rill experiments were conducted on the same hillslope; each rill

experiment was about 30 m apart. Similarly, at the unburned site,

located just outside the fire boundary, four rill experiments were con-

ducted on the same hillslope about 20 m apart. A single high soil burn

severity location was used for the four rill experiments which were

about 30 m apart within the Cayuse Mountain Fire. All locations of

the rill experiment were semi-permanently located for repeatability; in

subsequent years the experiments occurred in the same locations.

All rill experiments occurred on hillslopes ranging from 20 to 40%

as previous research has shown no slope-sediment concentration

effect for slopes in this range (Robichaud, Lewis, Wagenbrenner,

Ashmun, & Brown, 2013). Hillslope sites were chosen with similar

physical characteristics (e.g., soil type, under- and over-story vegeta-

tion) across the different burn severity classes. In addition, all sites

were undisturbed by any known land management prior to fire, post-

fire, or scheduled for additional disturbance during the 2-year dura-

tion of the study.

To analyse the effect of time since fire, the Cayuse Mountain Fire

sites were evaluated 2-month post-fire (October 2016) when the soils

were bare due to the complete forest floor consumption, and

10-month post-fire (July 2017). The North Star Fire sites were evalu-

ated 10-month post-fire (July 2016) and 22-month post-fire (July

2017). Because of the site similarities and the close physical distance

between the two fires, study sites were largely analysed together by

burn severity and time since fire rather than by fire site.

2.3 | Experimental design

The effectiveness of a forest buffer was quantified on each slope by

measuring runoff travel distance and downhill change in sediment

concentration in rills generated by a novel method of applying a

sediment-laden concentrated flow to each hillslope (Polyakov &

Nearing, 2003; Figure 2). A calibrated flow meter and a sediment feed

hopper, which added a known amount of sediment to the clear water

F IGURE 1 Soil burn severity map of
the 2015 North Star Fire and the 2016
Cayuse Mountain Fire, WA and location
of sampling points. Inset map of fire
locations in Washington State
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flow, were used to simulate natural sediment-laden rills using three

increasing flow rates (Figure 3). Flow is released through an energy

dissipater onto the ground surface. Flow measurements and water

samples were taken along each rill to quantify infiltration and sedi-

ment concentrations prior to entry into a stream channel at the base

of the hillslope. The effects of burn severity and time since fire were

also evaluated.

The basic experimental design was adapted from previous rill

experiments after wildfires; however, changes were made to accom-

modate sediment-laden flow and greater runoff generated from skid

trails and landings (Robichaud et al., 2010; Wagenbrenner

et al., 2015). Each rill experiment was 40 min in duration with chang-

ing flow rates every 10 min. For the first 10 min, a clean water flow of

50 L/min (double filtered to 100 μm) was applied. The second 10 min

included the addition of 25 g/L of sediment through the sediment

feed hopper (Figure 3). The flow was then increased to 100 and

150 L/min for the last two intervals while maintaining the 25 g/L

sediment concentration by adding twice as much sediment to the

100 L/min flow and three times as much sediment to the 150 L/min

flow. The targeted sediment concentration (25 g/L) was based on typ-

ical sediment yields from disturbed forest soils (e.g., skid trails) from

previous experiments (Robichaud et al., 2010). The three flow rates

were chosen to represent typical rill flows from a wide range of

upslope disturbed contributing areas (skid trails, up to 5 m wide by

20 m length and log landing areas, up to 0.25 ha) and storm durations

for the Pacific Northwest. These disturbed upslope areas were similar

to observations by Olsen et al. (2020) after salvage operations on the

2013 Rim Fire in California. Rainfall events of 1- to 5-year return

intervals were used with the contributing areas to determine runoff

volumes (flow rates). Sediment added to the rill flows consisted of

burned soil (0–2 cm depth) collected from the North Star Fire area

which were dried and sieved through a 6-mm sieve.

Runoff samples were taken in the rills during the onset of flow

and during steady-state flow conditions for each flow interval similar

to Robichaud et al. (2010). Three sample locations along each rill were

identified for each of these flow intervals: the top of the rill at the out-

let of the flow device to verify input sediment concentration, the mid-

point (2–44 m), and near the endpoint (30–100 m) where sufficient

flow could reasonably be sampled. The exact locations of the two

downslope sample points were determined and adjusted in real time

in response to the rill progression. Three runoff samples were taken at

both downhill locations during each 10-min interval at the approxi-

mate beginning (1–2 min), middle (4–6 min), and end of the interval

(8–10 min). Only one runoff sample was taken at the top of each rill

during every flow interval for initial sediment concentration values. In

total, 28 runoff samples were taken for each rill: one top sample for

four flow rates, three middle samples for four flow rates, and three

bottom samples for four flow rates. The entire flow was captured for

each sample, so the time required to fill each bottle was used to esti-

mate the runoff flow rates at each location. A flexible aluminium sheet

with a slight conical shape was pressed firmly on the ground surface

forcing all the runoff over the sheet which funnelled the runoff into

timed-sample bottles (Figure 4).

F IGURE 2 A sketch of a stream
buffer experiment with rill flow
entering from the above buffer area.
Rills were measured for their travel
length, and sediment concentration at
the two sampling locations along
the rill

F IGURE 3 Sediment being added to the sediment hopper which
was calibrated to add 25 g/L of sediment to the three flow rates
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The distance from the top of the rill to each runoff sample loca-

tion was recorded. If rills divided into multiple flow paths or sub-rills,

the sub-rill with the largest discharge was selected for sampling and

flow width and depth measurements. Rills dividing into multiple paths

occurred in about half of the rills, yet the flow volume in the sub-rills

was often small or negligible. The smaller sub-rills were measured for

flow width and depth. This resulted in a measured flow volume for

the entire rill, and a discharge estimate for the largest of the sub-rills.

Runoff samples were later processed for water volume and sedi-

ment mass to calculate changes in sediment concentration. Overall

mass of sediment in the sample was determined by oven-drying at

105�C for 24 hrs (Gardner, 1986).

2.4 | Other measurements

Additional measurements were taken to characterize the site and soil

conditions for each hillslope (Bone, 2017). The Water Drop Penetra-

tion Time (WDPT) test was taken at three locations along each rill:

upper, middle and lower. At each location, eight water drops were

placed on the soil surface at 1 and 3 cm soil depths, and the time for

each drop to infiltrate was recorded (DeBano, 1981; Robichaud,

Lewis, & Ashmun, 2008). The median WDPT value from the eight

drops was calculated for each soil depth. Surface soil moisture sam-

ples (0–2 cm) were taken prior to the rill experiment and were all

below 8% moisture except the high severity Cayuse Mountain at

2-month post-fire which had a mean of 40% soil moisture due to a

rain event the previous day (Bone, 2017).

Ground cover was measured adjacent to the top, middle and bot-

tom sections of each rill (three repetitions). Ground cover was deter-

mined using a 1-m quadrat with a 100-point sampling grid

(Chambers & Brown, 1983; Robichaud & Brown, 2002). Cover

categories consisted of bare soil, litter, vegetation and other. Bare soil

included mineral soil and gravel, litter included woody debris and lit-

ter, vegetation included vegetation and moss, and other included rock

and tree. Rill ground cover was calculated as the percentage of occur-

rence among sample points (Robichaud & Brown, 2002).

Infiltration of the runoff was calculated by first calculating the

wetted perimeter using the measured rill widths at sample locations,

and the total rill length as the infiltration area. The total volume of

water applied for the 40-min run time (3,500 L, 3.5 m3) at a maximum

flow rate of 150 L/min. This maximum flow rate was divided by the

total wetted area of the main rill and sub-rills to calculate an infiltra-

tion rate (e.g., Cayuse Mountain 2-month post-fire, (0.150 m3/min

× 60 min/hr)/(43 m2) × (1,000 mm/m) = 209 mm/hr; mean values are

provided).

Sediment dropout rates (g L−1 m−1), or change in sediment concen-

tration per length, uses the slope of the linear model of sediment con-

centration and distance calculated for each flow rate. This was used to

calculate a theoretical travel distance that all the sediment would be

removed from the flow (e.g., 25 g/L / 1.29 g L−1 m−1 = 19.4 m for

unburned conditions).

2.5 | Statistical methods

Statistical analysis was performed using R and SAS statistical software

(R Core Team, 2016; SAS Institute, Cary, NC). Model diagnostics

included testing residuals for normal distribution, plotting residuals

versus predicted values, plotting residuals versus order, and quantile–

quantile plots of residuals versus predicted values (Winters, 2013) to

ensure model assumptions were met (details in Bone, 2017). Rill

length and sediment concentration were log transformed to meet

model requirements. Covariates were analysed for collinearity using a

variance inflation factor method using the regression package car in R

(Fox & Weisberg, 2011). Mixed effects models from the lme4 package

in R were used to compare means and variances of sediment concen-

tration between soil burn severity classes (Bates, Maechler, &

Bolker, 2012). Soil burn severity classes were: a) unburned, b) low soil

burn severity, and c) high soil burn severity, time since fire was the

number of months post-fire, and random variables were the rill plots

and fire sites. Significance was determined with a likelihood ratio test

at p < .05 (Winters, 2013). A general linear model with a contrast

statement in SAS was used to evaluate the difference in sediment

dropout rate (where dropout rate is equivalent to the slope of the lin-

ear model with sediment concentration the dependent variable and

distance as the independent variable) between burn severity-time

since fire groups. A linear mixed-effects model (Littell, Milliken,

Stroup, Wolfinger, & Schabengerger, 2006) was also developed in

SAS, using the post-fire month-burn severity group, flow rate, and

their interaction as fixed effects, and rill plot nested in fire site as a

random effect. The dependent variable was flow distance, which was

considered significantly different between post-fire month-burn

severity groups at a p < .05. Rill length was analysed as the rill's maxi-

mum travel distance during each flow rate. There were many

F IGURE 4 The rill flow being collected with a flexible aluminium
sheet in the main rill about 15 m from the inlet at Cayuse Mountain
site 2-month post-fire
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significant differences between post-fire month-burn severity groups

across the different flow rates; for ease of interpretation, only the

model results of all flow rates together will be presented in the figure.

For water repellency analysis, another linear mixed-effects model

was run in SAS using the site, post-fire year, soil burn severity, and

depth, and the potential interactions between each as fixed effects

and the fire site as a random effect. Least significant differences were

used to compare differences in least squares means of median WDPT

values among the interactions between site, post-fire years, soil burn

severity and depth on all plots. All statistical results were considered

significant at p < .05.

Another linear mixed-effects model used the post-fire month-

burn severity group as fixed effects and fire site as a random effect.

The dependent variables were total wetted perimeter, total wetted

area and infiltration rate which were considered significantly different

between post-fire month-burn severity groups at a p < .05.

3 | RESULTS

3.1 | Rill length

Soil burn severity and post-fire time significantly influenced flow dis-

tance (i.e., rill length; Figure 5). With all flow rates analysed together

(model result in Figure 5), the mean rill length at 2-month post-fire

(67 m), was significantly greater than all other soil burn severity and

post-fire time periods. The mean rill length at high soil burn severity

sites 10-month post-fire (22 m) was still significantly greater than the

high soil burn severity sites at 22-month post-fire (12 m) and the low

soil burn severity at either 10-month (8 m) or 22-month post-fire

(6 m). By 22-month post-fire, the low burn severity mean rill lengths

were statistically similar to unburned rill lengths.

As expected, rill length increased by 18 to 42% in response to

increased flow rates for all soil burn severity conditions. Reduction in

rill length over time was most pronounced on the high soil burn sever-

ity conditions.

3.2 | Sediment concentration

Sediment concentration of the rills significantly decreased with soil

burn severity and time post-fire (Tables 1 and 2). Over an 8-month

period mean sediment concentration from the high soil burn severity

site at Cayuse Mountain Fire decreased by 63%, reducing from 15 to

5.5 g/L at the 100 L/min flow (Table 1). Similarly, at the North Star

fire over a 12-month period spanning from 10- to 22-month post-fire,

the mean sediment concentration from a high soil burn severity treat-

ment declined by 80% dropping from 13 to 2.4 g/L.

The change in sediment concentration or sediment dropout rate

with rill length also varied with soil burn severity and months post-fire

(Table 2). The mean change in sediment concentration with distance

down the rill was +0.05 g L−1 m−1 (e.g., scouring) for high soil burn

severity plots 2-month post-fire and was less than zero

(e.g., depositing sediment) for all other conditions and times. This indi-

cates that immediately after the fire, the rills were still eroding,

increasing sediment concentration over the rill length. While all other

conditions dropout rates varied from 0.3 to 1.15 g L−1 m−1 for burned

conditions and 1.29 g L−1 m−1 for unburned conditions. Dropout

values indicate the rate at which sediment is being deposited along

the rill and the sediment concentration in the flow is decreasing.

Dropout rates from high soil burn severity hillslopes 2-month post-fire

were significantly different than all other cases (Table 2). Interestingly,

the dropout rate from the low soil burn severity at 10 months

(0.73 g L−1 m−1) was significantly less than low burn severity at

22-month post-fire (1.15 g L−1 m−1) which was not statistically differ-

ent than the unburned controls (1.29 g L−1 m−1). Thus, the decrease

in sediment concentration or dropout rate varied by soil burn severity

and time since fire.

3.3 | Other measurements

Ground cover varied significantly with both soil burn severity and time

since fire (Figures 6 and 7). At the high soil burn severity site bare soil

cover declined from 75% 2-month post-fire to 50% 10-month post-

fire, to only 15% 22-month post-fire in response to vegetative

regrowth. Vegetation recovery varied by soil burn severity and can be

seen in site photographs with grasses and forbs being the most preva-

lent vegetation (Figure 6b Cayuse Mountain 10-month post-fire).

Both the unburned and low soil burn severity conditions had little

bare soil (Figures 5 and 6d, f, g, h). Rill length was significantly corre-

lated with ground cover (compare Figure 5 to Figures 6 and 7).

We measured strong water repellency on high soil burn severity

rills 2-month post-fire at 1 cm soil depth (245 s) even though soil

moisture was high (40%); for all other conditions, soil moistures were

F IGURE 5 Means and ranges of flow distance (m) by post-fire
time (2-, 10-, and 22-months), soil burn severity, and flow rate
(50, 100, and 150 L/min). The model results (+) of all flow rates
analysed together are also shown. Different letters indicate significant
differences in flow distances at α = .05
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below 8% (Bone, 2017) (Table 3). Ten months post-fire, we measured

moderate water repellency at the North Star Fire at 1 and 3 cm

depths (95 and 73 s, respectively). Low water repellency was found

on other plots within the North Star Fire at 10- and 22-month post-

fire and at the Cayuse Fire at 1 cm depth 10-month post-fire (23 s)

(Table 3) which contributed to a rapid recovery in soil wettability.

Water repellency was mostly non-existent on the North Star Fire

after 22-months regardless of soil burn severity. While water repel-

lency was measured at the soil surface after both fires in both years,

WDPT averaged < 5 s on all low and high soil burn severity plots and

was not included in the table for brevity. The moderate and strong

water repellency we measured likely reduced infiltration and contrib-

uted to increased runoff and/or sediment yield.

Flow measurements using the entire rill length were used to cal-

culate infiltration rate for each condition (Table 4). Total wetted

perimeter of the high soil burn severity plots was significantly greater

2-month post-fire (0.9 m) than unburned plots (0.4–0.6 m). The mean

total wetted area was significantly greater 2-month post-fire (43 m2)

and consistently decreased with time regardless of soil burn severity.

The mean infiltration rate increased from 230 mm/hr 2-month post-

fire to 540–600 mm/hr 10-month post-fire for high soil burn severity

sites, although this increase was not statistically significant. The

TABLE 1 Means and ranges (in parentheses) of sediment concentration (g/L) using mid-point and end point samples by time since fire and
flow rate. Different letters across a row indicate significant differences in soil burn severity treatment at α = .05

Time since fire (months), location and flow rate Unburned Low soil burn severity High soil burn severity

2 months (Cayuse Mountain)

50 L/min clean 2.6 (0.1–14)

50 L/min — — 8.5 (2.4–27)

100 L/min — — 15 (3.0–36)

150 L/min — — 19 (7.4–41)

10 months (Cayuse Mountain)

50 L/min clean 1.3 (0–3.6)

50 L/min — — 3.2 (1.2–7.5)

100 L/min — — 5.5 (2.9–16)

150 L/min — — 6.9 (3.0–10)

10 months (North Star)

50 L/min clean 0.1 (0.0–0.7) a 0.3 (0.1–1.2) b 2.8 (0–13) c

50 L/min 1.6 (0.1–4.2) a 2.5 (0.6–5.2) b 5.0 (1.1–30) c

100 L/min 5.6 (0.3–26) a 8.2 (2.3–30) a 13 (0.4–27) a

150 L/min 15 (0.7–27) b 7.0 (1.0–21) a 14 (4.4–38) b

22 months (North Star)

50 L/min clean 0.6 (0.0–3.1) a 0.2 (0.0–0.7) a 0.7 (0–3.1) a

50 L/min 5.8 (1.8–19) a 3.3 (0.2–4.7) b 2.2 (0.5–6.9) b

100 L/min 10.4 (2.5–33) a 4.1 (1.2–12) b 2.4 (0.7–6.6) b

150 L/min 17.0 (0.7–33) a 5.2 (1.2–15) b 3.0 (1.2–15) b

TABLE 2 Statistical p-values of the slope of the line indicates the rate at which the sediment concentration changes along the length of the
rill. Sediment dropout rate (g L−1 m−1) is the rate at which sediment is being deposited by distance down the rill. The plus (+) sign indicates the rill
is scouring and sediment concentration increased with distance down the rill. Bold p-values indicate significantly different dropout rates between
treatment groups: 2-, 10- or 22- months post-fire; high or low soil burn severity with both fire locations analysed together

Time since fire (months)
and soil burn severity

Slope comparison groups p-values

Unburned 2-month High 10-month High 22-month High 10-month Low 22-month Low

Sediment dropout

rate (g L−1 m−1)

1.29 + 0.05 0.3 0.49 0.73 1.15

2 High <0.0001 0.0002 0.0038

10 High 0.0017 0.34 0.016

22 High 0.022 0.0065

10 Low 0.033 0.11

22 Low 0.61
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F IGURE 6 Site images. (a) Cayuse Mountain Fire high soil burn severity 2-month post-fire; (b) and high soil burn severity 10-month post-fire.
(c) North Star Fire high soil burn severity 10-month post-fire; (d) North Star low soil burn severity 10-month post-fire; (e) North Star high soil
burn severity 22-month post-fire; (f) North Star low soil burn severity 22-month post-fire; (g) North Star unburned site 1; (h) North Star unburned
site 2
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F IGURE 7 Vegetation, litter and
other non-photosynthetic vegetation
(NPV) which is brown or senesced, and
soil ground cover by time post-fire and
burn severity class (Unb is unburned) for
both sites

TABLE 3 Median water drop penetration time (WDPT) at the Cayuse Mountain and North Star Fires by soil burn severity and time since fire.
From the mixed model, significant differences in WDPT values are indicated by different lower case letters in the right column at α = .05

Location Time since fire (months) Soil burn severity Soil depth (cm) Average median WDPT (s)

Cayuse 2 High 1 245 a

Mountain 2 High 3 1 d

10 High 1 23 cd

10 High 3 4 d

North Star 10 Low 1 20 d

10 Low 3 30 cd

10 High 1 95 b

10 High 3 73 bc

22 Low 1 1 d

22 Low 3 8 d

22 High 1 2 d

22 High 3 1 d

—a Unburned 1 26 cd

—a Unburned 3 3 d

—b Unburned 1 2 d

—b Unburned 3 1 d

aSampled in 2016.
bSampled in 2017.

TABLE 4 Mean infiltration rate during the maximum flow rate of 150 L/min over the total rill area. The total wetted perimeter, area, and

infiltration rate means are grouped by location, time since fire, and soil burn severity. Different lowercase letters in a column indicate statistical
(p < .05) differences between location-severity-time groups

Location Time since fire (months) Soil burn severity
Total wetted
perimeter (m)

Total wetted
area (m2)

Infiltration
rate (mm/hr)

Cayuse Mountain 2 High 0.9 ab 43 a 230 d

10 High 1.1 a 16 b 600 cd

North

Star

10 Low 0.6 c 8.7 c 1,260 b

10 High 0.7 bc 17 b 540 d

22 Low 0.6 bc 7.3 cd 1,370 b

22 High 0.7 bc 11 c 1,040 bc

—a Unburned 0.4 c 3.4 c 2,720 a

—b Unburned 0.6 c 4.0 c 2,690 a

aSampled in 2016.
bSampled in 2017.
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10-month low soil burn severity infiltration rate (1,260 mm/hr) was

similar to the low soil burn severity infiltration rate (1,370 mm/hr)

22-month post-fire. However, these values were significantly less and

about half of the unburned infiltration rates (�2,700 mm/hr).

4 | DISCUSSION

4.1 | Rill length

This study evaluates the ability of a riparian buffer to infiltrate runoff

and deposit sediment from upslope areas and reduce rill flow distance

or rill lengths after wildfire. Rill lengths were significantly influenced

by burn severity and time since fire. High soil burn severity conditions

had significantly longer mean rill flow lengths than low soil burn or

unburned controls implying managed buffer widths should increase

with increased soil burn severity (Figure 5). Soil burn severity may

affect rill length for a wide range of runoff events. Even after 10- and

22-month post-fire, there was still a significant difference in rill length

(Figure 5). Thus, a stream buffer designed for unburned conditions will

likely not be effective after burning regardless of the soil burn sever-

ity. Castelle et al. (1994) suggested that water resource values and

degree of upland disturbances should be considered when determin-

ing buffer sizes and greater widths may be necessary for buffers in

poor condition (e.g., high or low soil burn severity).

The lowest runoff rate used in this experiment, 50 L/min, is simi-

lar in magnitude to the highest runoff (21 L/min) observed from skid

trails in salvage logged areas having a small contributing area (9 m2)

(Robichaud et al., 2010). A typical disturbed area of a skid trail contrib-

uting flow can range from 30 to 100 m2, depending on water bar

spacing and terrain. Log landing contributing areas can range from

80 to 140 m2 (Robichaud et al., 2020). Thus, the flow rates used in

this study provide realistic evaluation of the effectiveness of a buffer

down slope from salvage logging operations (Table 4).

As the site recovered after the fire, buffer effectiveness also

improved. Rill lengths significantly decreased for both low and high

soil burn severity sites with time (Figure 5); however, despite the

improvements in infiltration over time, each soil burn severity condi-

tion still had significantly greater rill length than the unburned sites

even 22-month post-fire, regardless of flow rate.

Infiltration rate may represent the most important functional

asset of stream buffers managed for erosion mitigation. Similar to the

findings of Robichaud (2000) and Larson-Nash et al. (2018), results

from this study clearly indicate orders of magnitude differences in

infiltration characteristics between unburned, low burn severity and

high burn severity hillslopes (Table 4). At unburned sites, 3,500 L of

simulated runoff added to hillslopes over 40 min travelled a maximum

distance of only 11 m and is similar to the findings of Burroughs and

King (1989) in unburned forests who measured mean rill travel dis-

tance of 8 m (Figure 5). The unburned forest floor provides ample

macropores and preferential flow paths resulting in very high infiltra-

tion rates (Beven & Germann, 1982). Using total wetted area mea-

surements and the maximum flow rate, the calculated infiltration rates

2 months after the fire (230 mm/hr) were an order of magnitude less

from unburned conditions (�2,700 mm/hr; Table 4). Foltz and

Elliot (2001) measured infiltration rates up to 1,400 mm/hr in

unburned forests using similar concentration flow methods. The infil-

tration rates 2-month post-fire (230 mm/hr) resulted in a maximum

flow distance of 100 m (Table 4). Thus, infiltration rates were directly

related to the effects of the wildfire, likely from fire-induced water

repellency (mean WDPT 245 s) and other changes in soil structure

such a reduce macropores, as well as low ground cover (25%) (Table 3

and Figure 7). Although during the 2-month post-fire study at the

Cayuse Mountain Fire, rill lengths may have been influenced by a pre-

vious day's rain event, the data also show a strong water repellent

layer at 1 cm. Widespread strong water repellency may indicate that

the soil profile was not fully saturated, even though water repellency

tends to weaken in saturated soils (Doerr, Shakesby, &

MacDonald, 2009). The 1-cm water repellent layer limited infiltration,

saturating the upper 1 cm of soil, leading to the 100 m rill distances

2 months after the fire. Mean soil moisture at all other sites at the

time of the experiment were under 8% (Bone, 2017).

The inverse relationship between rill lengths and ground cover

suggest that ground cover can be a useful indicator of buffer effec-

tiveness. The amount of bare soil is usually correlated with soil burn

severity and time since fire. Ground cover of any type reduced rill

lengths in a similar study (Robichaud et al., 2010). The reduction in rill

length across treatments indicates that vegetative regrowth greatly

improves infiltration after wildfire, similar to findings of Cerdà and

Doerr (2005). Forest floor or surface litter may have also decreased rill

lengths by increasing surface storage and connectivity of macropores,

reducing rill flow velocity, and allowing more time for infiltration

(Lavee, Kutiel, Segev, & Benyamini, 1995; Megahan &

Ketcheson, 1996; Pannkuk & Robichaud, 2003; Scott, Curran,

Robichaud, & Wagenbrenner, 2009).

The temporal variability in buffer performance suggests the

timing of salvage logging post-fire is important to minimize down-

stream impact. Allowing one growing season to pass before harvest

disturbance may be an effective strategy to reduce sedimentation to

downstream water bodies. However, Morgan et al. (2015) indicated

that ground disturbance, like salvage logging, stalls vegetative recov-

ery and sets it back by approximately 1 year, effectively increasing the

overall recovery time.

4.2 | Sediment concentration

The novel design of adding sediment-laden runoff in a field study

allows for direct measurement of effectiveness of the buffer or ripar-

ian widths by comparing sediment concentrations and sediment drop-

out rate. The change in sediment concentration with distance

provides an innovative metric of buffer effectiveness (Table 2). The

significant difference in the dropout rates with time since fire and

burn severity was also a useful metric for distinguishing the changes

in buffer effectiveness with time and burn severity. The effectiveness

of a buffer can be gauged by its ability to reduce sediment
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concentration in the flow with distance down the rill. Immediately

after the fire in the high soil burn severity buffers, the sediment con-

centration increased with distance down the 100-m rill

(0.05 g L−1 m−1). The soil was easily eroded in 0.20-m wide rills (data

not shown) having 74% bare soil and no vegetation (Figures 6 and 7).

These results are similar to other researchers who have documented

the importance of ground cover in the post-fire environment

(Benavides-Solorio & MacDonald, 2005; Cerdà, 1998; Moody &

Martin, 2009; Pannkuk & Robichaud, 2003). In contrast, 10-month

post-fire, sediment concentration decreased with distance down the

rill at a dropout rate of 0.3 g L−1 m−1 following vegetative recovery

(Figure 6c, d).

After 10 months, the Cayuse Mountain Fire had lower sediment

concentrations than the North Star Fire as result of more rapid vege-

tative recovery (Table 1). At that time ground cover in the high and

low soil burn severity buffers was at 50% and 90%, respectively,

which is relatively fast post-fire recovery (Dodson & Peterson, 2010).

The low water repellency on the high soil burn severity sites at the

Cayuse Mountain Fire just 10-month post-fire indicates a rapid recov-

ery in soil wettability, and significantly higher infiltration rates

(600 mm/hr) (Table 4).

As presented in the introduction, although the regulated

unburned forest stream buffer widths for green timber harvest varies

with jurisdiction, a 15-m stream buffer is the most widely accepted

standard for non-fish bearing streams in the State of Washington. Our

results suggest that this buffer distance is not adequate to allow infil-

tration of the runoff nor at reducing sediment concentration from an

upstream disturbance typical of post-fire salvage logging operations.

This study suggests that a 15-m forested buffer is likely adequate

for the unburned condition. Rill lengths with the flows used in this

study were all less than 11 m in an unburned buffer. Based on a

1.29 g L−1 m−1 sediment dropout rate, adding 25 g/L sediment-laden

runoff in unburned conditions would theoretically drop all sediment in

19 m (25 g/L / 1.29 g L−1 m−1 = 19.4 m; Table 2 and Figure 5). While

in high soil burn severity conditions with increasing sediment concen-

tration (+ 0.05 g L−1 m−1) 2-month post-fire the buffer would continue

to scour, and rill lengths may be as much as 100 m. Even 10-month

post-fire with an initial sediment concentration of 25 g/L and a dropout

rate of 0.3 g L−1 m−1, the buffer would need to be 83 m to drop all the

sediment, yet we observed rills only 24–35 m in length.

Overall, this study suggests that buffer widths should be tempo-

rarily increased based on soil burn severity (high and low) and time

post-fire for salvage logging (Table 5). Based on both rill length and

sediment dropout rate for salvage logging immediately after a fire,

120 m buffer (eight times the standard buffer width of 15 m) should

be maintained. If the salvage logging occurs 1-year post-fire then

buffer width can be reduced to 60 m as vegetation regrowth stabilizes

the area. While in low soil burn severity areas immediately after a fire

a 60-m buffer width (four times an unburned buffer width) should be

maintained but this reduces to 30 m 1-year post-fire (Table 5).

These recommendations are most applicable for volcanic ash-

derived soils in mixed conifer ecosystems with good regrowth poten-

tial for moderate salvage logging disturbances with skid trails and

landings. Additional research may be warranted to evaluate post-fire

buffer widths for different soils and site conditions. However, the

derived adjustment factor may be appropriate to adjust BMPs buffer

widths in similar settings.

5 | CONCLUSIONS

Post-fire forest management decisions require information that is rel-

evant for wildfire-affected landscapes. Stream buffer effectiveness on

high and low burn severity areas was quantified using a simulated

sediment-laden rill experiment by measuring rill length and sediment

concentration along the rill. Rill length and sediment concentration

increased in both high and low soil burn severity conditions, indicating

that the ability of a buffer to infiltrate runoff and decrease sediment

concentration from upslope disturbances is greatly reduced following

wildfire. Standard stream buffer widths may be insufficient immedi-

ately after high soil burn severity fires, but effectiveness is likely to

improve with time as vegetative growth occurs. Rill length and sedi-

ment concentration were significantly greater in these burned land-

scapes but declined after 2 years due to vegetation regrowth. Rill

lengths were 100 m immediately (2 months) after the fire in high soil

burn severity areas and significantly reduced to 25 m after 1 year of

vegetation recovery. Sediment dropout rate also varied with soil burn

severity and time post-fire with no sediment reduction immediately

after the fire. Sediment dropout rate increased from 0.3 g L−1 m−1

1-year post-fire to 0.49 g L−1 m−1 2- years post-fire for high soil burn

TABLE 5 Post wildfire stream buffer width recommendations for salvage logging. The adjustment factor is based on a 15-m stream buffer for
logging activities often recommended for unburned forests (Washington State Department of Natural Resources, 2015)

Time since fire (post-fire year)a Soil burn severity Buffer width Adjustment factor from 15-m buffer

2 months (0) High 120 m (400 ft) 8×

10 months (1) High 60 m (200 ft) 4×

22 months (2) High 30 m (100 ft) 2×

2 months (0) Low 60 m (200 ft) 4×

10 months (1) Low 30 m (100 ft) 2×

22 months (2) Low 15 m (50 ft) 1×

aEach year allows for one full growing season.
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severity conditions. These data suggest that stream buffer widths on

high soil burn severity sites may need to be eight times greater

(120 m) than unburned forest conditions (15 m) immediately after

wildfire. One year after the wildfire, buffer widths at high burn sever-

ity sites may need to be four times the unburned width (60 m). Low

soil burn severity sites 1-year post-fire may need twice the unburned

buffer widths (30 m). These findings suggest that soil burn severity,

time since fire, and the associated vegetation recovery in stream

buffer zones may be useful considerations for future stream buffer

management decisions.
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