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The 2000 Valley Complex wildfire burned in steep montane forests with ash cap soils in western Montana, USA.
The effects of high soil burn severity on forest soil hydrologic function were examined using rainfall simulations
(100mmh~" for 1 h) on 0.5-m? plots. Infiltration rates, sediment yields and sediment concentrations were com-
pared among three treatments: control (unburned and undisturbed); bare (unburned with all surface vegetation,
litter, and duff removed prior to each simulation); and burned. Rainfall simulations were done immediately after
the fire and repeated in 2001, 2002, and 2005. Soil moisture, water repellency, and understory canopy and
ground cover were measured and related to infiltration rates and sediment yields. The unburned forest soil
was water repellent at the mineral surface. This surface repellency was no longer detected after it was burned
at high severity, but a post-fire water repellent soil layer was observed at 1-2 cm below the surface. The control
plots had high ground cover (90% overall), infiltration of 44-48 mm, and very low sediment concentrations
(median values of 0.1-0.6 g L™ ') and sediment yields (6-54 g m~2) for all years despite changes in soil moisture
and strong water repellency. The bare and control plots had similar water repellency values, but the interrill ero-
sion in the bare plots was high throughout the study (624-1277 g m~2). In the year of the fire, the burned sites
had high rates of soil water repellency (88%) and little ground cover (10%). This resulted in low infiltration rates
(30 mm), high sediment concentrations (median value 21 g L™ 1), and high sediment yields (1157 g m~2). By
2005, the fire-altered water repellency decreased in occurrence (48%) and severity, and the ground cover in-
creased (42%). This resulted in much greater infiltration (84 mm), lower sediment concentration (median
value 0.5 g L~ 1), and lower sediment yields (15 g m~?2) on the burned plots. The importance of ground cover
for preventing interrill erosion was demonstrated by the very low sediment yields on the control plots as com-
pared to the bare and burned plots. The strength and occurrence of water repellency in both the unburned and
burned sites decreased as soil moisture increased; however, strong soil water repellency was detected at the
soil surface whenever unburned soils were dry. Fire-altered soil water repellency influenced the infiltration ca-
pacity and increased runoff rates immediately after the fire; however, the loss of protective ground cover was
a more significant factor for the increased sediment concentrations and sediment yields.
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1. Introduction the forest soil less protected and more vulnerable to the erosive effects
of rainfall, overland flow, wind, and gravity. The direct effects of fire on
forest soils, such as loss of organic matter and changes in soil water
repellency, aggregate stability, and soil water retention, can change in-
filtration of water and runoff amounts and characteristics; thus contrib-

uting to post-fire erosion vulnerability as well (e.g., Bento-Gongalves

Post-fire increases in runoff, flooding, and erosion are generally at-
tributed to the loss of vegetation and forest floor material which leaves
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et al,, 2012; Certini, 2005; DeBano et al., 1998; Inbar et al., 2014;
Larsen et al., 2009; Leighton-Boyce et al., 2007; Shakesby and Doerr,
2006). Understanding fire effects on infiltration is vital for the predic-
tion of post-fire flooding and erosion responses.

Many factors control infiltration rates; vegetation is a dominant fac-
tor in forest environments (Castillo et al., 1997; Cerda, 1999; Cerda and
Doerr, 2005; Cerda and Robichaud, 2009; Faulkner, 1990). Vegetation
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increases infiltration rates by adding organic material to the soil, which
improves soil structure and porosity, and by deepening the litter
layer (Abrahams et al., 1995; Berndtsson and Larson, 1987; Jiménez
et al., 2006; Wilcox et al., 1988). The macropores developed by
plant roots provide preferential flow paths (Beven and Germann,
2013) and also increase the water holding capacity of the soil. The lit-
ter and duff layers can further enhance infiltration by absorbing and
storing water and allowing more time for infiltration into the soil
(Brock and DeBano, 1982; Lowdermilk, 1930). Both the vegetation
and the forest floor protect the mineral soil from direct impact of
the rain drops and the subsequent destruction of the soil aggregates,
compaction, slaking, particle segregation, and the filling and clog-
ging of pores by the wash-in of fine material, all of which can form
structural seals at the soil surface and reduce infiltration capacity
(Assouline, 2004; Liu et al., 2011; Mataix-Solera et al., 2011; Woods
and Balfour, 2010).

Fire-altered water repellency forms when surface vegetation, litter,
and near-surface soil organic matter are burned and a fraction of the va-
porized hydrocarbons condense on soil particles in the cooler layers be-
neath the surface (DeBano, 1981; Doerr et al., 2000). The degree and
depth of the fire-altered soil water repellent layer vary with the degree
of soil heating over small spatial scales (Huffman et al., 2001), resulting
in preferential flow paths through less water repellent areas and the for-
mation of uneven wetting fronts (Dekker and Ritsema, 1994, 1995;
Ritsema and Dekker, 1994, 2000). Macro-pores such as root channels
that remain after roots burn can also serve as pathways for water to in-
filtrate through water repellent layers (Burch et al., 1989; Doerr et al.,
2006a; Meeuwig, 1971; Shakesby et al., 2000). Because of the reduced
infiltration rates, overlying layers of ash and/or soil may saturate, and
this could lead to lateral surface or near-surface flow (Bodi et al.,
2012; Doerr et al., 2006a; Ebel et al., 2012).

Soil water repellency has often served as a surrogate measurement
of infiltration capacity in post-fire assessments (DeBano, 1981;
Parsons et al., 2010; Robichaud et al., 2008). Although there is a clear
association between fire-altered soil water repellency and enhanced
post-fire hydrologic and erosion response, the effect of soil water repel-
lency often has been oversimplified (Doerr et al., 2009a; Leighton-Boyce
et al., 2007). The contribution of fire-altered soil water repellency on
runoff and erosion is difficult to separate from other fire impacts such
as loss of vegetation and forest floor material, decreased surface rough-
ness, soil disaggregation, and soil sealing (Doerr and Moody, 2004;
Larsen et al., 2009; Leighton-Boyce et al., 2007; Shakesby and Doerr,
2006).

Soil water repellency is not only caused by fire, but is an inherent soil
characteristic found in many types of soils with a range of textures, or-
ganic contents, vegetation, land uses, and locations (Doerr et al.,
2006b; Jordan et al., 2009, 2013; Mataix-Solera et al., 2007). Long un-
burned forest soils with inherent soil water repellency at or near the
soil surface have been observed worldwide in certain forest types
(Doerr et al., 2006b, 2009b). Although soil water repellency is classically
associated with coarse-textured soils (Mataix-Solera et al., 2013; Moral
Garcia et al., 2005; Robichaud and Hungerford, 2000), the organic-rich
surface layers of volcanic ash soils (Andisols) have highly aggregated
soil structure that retain water and are often water repellent when
dry (Kawamoto et al., 2007). Soil water repellency in fine-textured
soils more consistently decreases with depth and has a greater impact
on infiltration than soil water repellency in coarser soils (Fox et al.,
2007; Mataix-Solera et al., 2013; Rodriguez-Alleres et al., 2007). In addi-
tion, inherent soil water repellency has been associated with vegetation
that contains waxes, resins, or oils such as eucalyptus and pine trees and
sagebrush and chaparral shrubs (DeBano, 1981; Lozano et al., 2013;
Martinez-Zavala and Jordan-Lépez, 2009; Mataix-Solera et al., 2007;
Pierson et al., 2001).

Generally, both inherent and fire-altered soil water repellency are
lost during long wet periods and are re-established upon drying, caus-
ing short-term or seasonal variations (de Jonge et al., 1999; Dekker

and Ritsema, 1996; Dekker et al., 2001; MacDonald and Huffman,
2004; Robichaud and Hungerford, 2000). The change in soil water re-
pellency may occur over a range of soil moistures, or a “transition
zone,” such that both water repellent and wettable soils may exist with-
in the transition zone but only water repellent conditions exist when
soil moisture is below the lower boundary and only wettable conditions
exist above the upper boundary (Dekker and Ritsema, 1994; Dekker
et al., 2001; Regalado and Ritter, 2005).

The influence of forest floor material on infiltration rates into inher-
ently water repellent soils is not easily determined. If the organic mate-
rial that overlays the mineral soil helps maintain soil moisture above the
threshold for wettability, it enhances infiltration (Feng et al., 2001;
Letey, 2001; Wang et al., 2000). However, short rainfall simulations
may not capture this process. Leighton-Boyce et al. (2007) found that
inherent soil water repellency in mature eucalyptus plantation sites
persisted through a 30-min high intensity (107 mm h™!) rainfall simu-
lation and that the majority of rainfall which did not become overland
flow was stored within the litter layer rather than infiltrating into the
soil.

Several others have used rainfall simulation to evaluate the impact
of fires in coniferous forests (Table 1; see review by Vieira et al.,
2015). However, the small plot rainfall simulations, such as those used
in our study, may not accurately represent infiltration and erosion pro-
cesses at larger scales. The short lengths of the rainfall simulation plots
restrict erosion to rain splash and sheetwash (interrill) processes
(Bryan, 2000; Huang et al., 2001). At larger scales, however, hillslope
processes include differential flow patterns, detention and storage of
runoff and sediment, and rill erosion. Generally, small plots have greater
per-unit-area runoff rates than larger scales where the existence of pref-
erential flow paths may create scattered “sink” areas across a hillside
that allows water to infiltrate (Imeson et al., 1992; Nyman et al., 2010;
Prosser and Williams, 1998; Stoof et al., 2012). Yet these studies can
provide insight to fire effects especially when unburned plots are used
for comparison (Table 1).

Given the large, and occasionally extreme runoff events that occur
post-fire and the associated flooding and erosion, the need to under-
stand and accurately predict post-fire hydrologic and geomorphic re-
sponses continues to drive research (Moody et al, 2013). We
measured the immediate and short-term effects (5 years) of high sever-
ity wildfire on infiltration rates, interrill erosion rates, and other related
variables. Specifically, the objectives of the study were to use small-plot
rainfall simulations to compare infiltration rates, sediment concentra-
tions, and sediment yields among three treatments—unburned with
no recent disturbance (control), unburned with surface litter, duff, and
vegetation removed (bare), and burned at high soil burn severity
(burned). Soil water repellency, canopy cover and ground cover were
also compared. Rainfall simulations and other measurements were
done immediately after the fire and repeated in post-fire years one,
two, and five to measure temporal effects.

2. Materials and methods
2.1. Site description

We measured the runoff and sediment concentrations from simulat-
ed rainfall on seven forested sites within the 144,000 ha burn perimeter
of the 2000 Valley Complex Fire in the Bitterroot Valley, Montana
(Fig. 1). About a third of this area burned at high soil burn severity
(USDA Forest Service, 2000), our study site was in the high soil burn se-
verity portion of the burned area and adjacent unburned area. Three un-
burned sites (U5-U7) and four high soil burn severity sites (B1-B4)
(approximately 3 km south) were selected based on similarity of slopes
(37-50%), elevations (1880-2050 m), aspects (200-285°, with the ex-
ception of U5 with an aspect of 150°), and road access. For all seven
sites, the vegetation or pre-fire vegetation was sub-alpine fir (Abies
lasiocarpa) and fool's huckleberry (Menziesia ferruginea). Soils were
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Table 1

Location, simulated rainfall rate, rainfall amount, runoff ratios and sediment yields in unburned and burned plots, and reference for rainfall simulator studies in severely burned coniferous
forests. Plot areas were between 0.24 and 33 m?. If multiple events were conducted on the same plot, only the first simulation is shown here to represent dry antecedent conditions. All data
are averages from the year of the fire.

Location Rainfall rate Rainfall amount ~ Unburned Unburned Burned Burned Reference
(mmh—1) (mm) runoff ratio sediment yield  runoffratio  sediment yield
(%) (gm™?) (%) (gm™?)
Western Montana 100 100 55 14 69 1757 This study
Western Montana 76 76 Not reported ~ Not reported 44 1040 Woods and Balfour (2008)
Western Montana 94 47 8.5 4 26 262 Robichaud (1996, 2000)
Central Idaho 94 47 32 85 55 628 Robichaud (1996, 2000)
Southern British Columbia 80 27 Not reported ~ Not reported 46 600 Robichaud et al. (2013a)
Central Colorado 78 (86 in burned areas) 78 (86) 55 34 66 428 Benavides-Solorio and
MacDonald (2001)
Northern New Mexico?® 60 60 20 21 42 414 Johansen et al. (2001)
Eastern Spain 55 55 Not reported ~ Not reported 43 76 g Cerda and Doerr (2008)
NW Italy” 74 74 Not reported ~ Not reported 29 17 Rulli et al. (2006)
Central Portugal 51 38-51°¢ 55 Not reported 65 Not reported Ferreira et al. (2005)

2 Rotating boom simulator, 32.5 m? plots.
b Simulation area 13 m?,
¢ Estimated from intensity and range of durations.

derived from volcanic ash underlain by weathered granite with a soil used to compare precipitation during the study period to the 1981-
classification of sandy skeletal andic-dystrocryept (McBride, 2000; 2006 average annual precipitation of 636 mm (NRCS, 2007). About
USDA Forest Service, 2000). The Daly Creek snow telemetry site was two-thirds of the annual precipitation occurs as snow.
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Fig. 1. Location of study sites, Daly Creek snow telemetry site, and the burned area along the Montana-Idaho border. Site map on right is depicted by rectangle in locator map.
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2.2. Plot preparation and measurements

A total of 102 plots were installed across burned and unburned sites
with 14 plots at each of the three unburned sites and 15 plots at each of
the four burned sites. On seven plots at each unburned site, the litter,
duff, vegetation, and surface roots were removed before each simula-
tion leaving a surface of exposed (“bare”) mineral soil (Fig. 2). Longer
roots, such as taproots, that extended below the surface were cut at
the surface of the mineral soil. All of the overlying material that was re-
moved from the bare plots in 2000 was dried and weighed and then sat-
urated and weighed to determine the water storage capacity of the litter
and duff layers from the unburned plots. The remaining unburned plots
(21 plots—seven at each unburned site) were left undisturbed as
controls.

Rainfall simulations were conducted on 0.75 by 0.75 m (0.5 m?)
plots bounded by a 15 cm tall steel square frame. Each plot frame was
inserted 5 cm into the ground leaving 10 cm extending above the
ground surface. A covered tray at the downhill end of the frame cap-
tured runoff at the ground surface and routed the runoff into a pipe
used for sampling. The interior edges of the plot were filled with a ben-
tonite mixture to reduce the occurrence of preferential flow paths along
the edges of the plot frames. The slope of each plot was measured using
an Abney level on the sides of the plot frame. Plots were established and
rainfall simulations conducted within a few weeks of fire containment,
between 12 and 20 September 2000 (post-fire year 0 [PFO]). The rainfall
simulations were repeated on 14 plots (three control, three bare, and
eight burned) shortly after snow melt, between 19 and 21 June 2001
(spring PF1) to evaluate the effects of higher soil moisture. Simulations
were repeated on all available plots between 7 and 10 August 2001
(PF1), 28 July and 5 August 2002 (PF2), and 28 July and 1 August
2005 (PF5). Some plot frames were damaged between annual measure-
ments, leaving 20 control, 17 bare, and 54 burned plots to be tested in
PF5. We present the results from the spring PF1 simulations separately
because of the smaller number of replicates, and compare the results
from spring PF1 to the same-plot results from PFO and summer PF1.

Prior to the first rainfall simulation in PFO, five soil samples from two
depths (0-5 cm and 5-10 cm) were obtained from each of the seven
sites to determine soil bulk density (Blake and Hartge, 1986) and soil
particle size distribution (Gee and Bauder, 1986). At each plot prior to
every rainfall simulation, soil water repellency, understory canopy
cover, ground cover, and soil moisture at a depth of 0-5 cm were mea-
sured. The soil water repellency was measured using the Water Drop
Penetration Time (WDPT) test (DeBano, 1981) using eight drops on
the mineral surface just outside of each plot frame. If any of the drops in-
filtrated within 5 s, the drop was repeated at a depth of 1 cm. This

.= s

Fig. 2. PF5 rainfall simulation on a bare plot in an unburned site. The surface vegetation,
litter, and duff were removed from the plot and the area immediately adjacent to the
plot. (Photo credit: USDA-Forest Service J. Yost).

process was repeated at 1 cm depth increments until the WDPT time
was greater than 5 s or a depth of 5 cm had been reached. For water
drops that remained on the surface for more than 5 s, the time until in-
filtration was used to classify the soil water repellency—slight (5-60 s),
moderate (60-180 s), or severe (180 s or more). The percent of the
drops that remained on the soil for more than 5 s at depths of 0 to
3 cm was calculated for each plot and termed “water repellency
occurrence.”

Understory canopy cover and ground cover were estimated visually
to the nearest percent within each 0.5-m? rainfall plot using a scaled
quadrat (Dethier et al,, 1993). The canopy cover of each understory spe-
cies was estimated (Elzinga et al., 1998) and added for a total canopy
cover which sometimes exceeded 100% because of overlapping foliage
layers. Similarly, coverage of each category of ground cover (moss, li-
chen, litter, tree roots, and surface rock <5 mm) was estimated and
then added to obtain the total plot ground cover. The proportion of
bare soil was the difference between 100% and the sum of ground
cover and basal plant cover. The canopy and ground cover measure-
ments were forced to zero for the bare plots, and these were not includ-
ed in the statistical analysis.

2.3. Rainfall simulation

Rainfall simulations were used to measure in situ infiltration rates,
and provide a mechanism for replicating the same rainfall event over
many plots (Peterson and Bubenzer, 1986). Rainfall was applied to
each plot at a rate of 100 mm h~! for 60 min using a modified
Purdue-type rainfall simulator located 3 m above the center of the
plot (Bertrand and Parr, 1961). The Vee]et nozzle provides energy of
275 Kj ha mm~"! at 3 m height with an average drop diameter of
3 mm at a terminal velocity of 8.8 m sec™! (Meyer and Harmon,
1979). Prior to each simulation, the rainfall was collected in a calibration
pan covering the plot and measured with a graduated cylinder. The flow
rate to the nozzles was adjusted so that the same per-unit-surface area
rainfall rate was applied by repeating the calibration process if the
slope-adjusted rainfall rate differed from the target rate by more than
5%.The time from the start of rainfall until the start of runoff was record-
ed. Timed runoff samples were collected for 45-60 s of each minute dur-
ing the first 30 min of the simulation and for 75-90 s of every 2 min for
the last 30 min of the simulation. If necessary, sample times were ad-
justed so that each sample would fit in a 1-L bottle. Any sediment re-
maining in the sample tray was collected after the simulation was
complete.

Sediment-laden water samples were weighed in the lab, dried, and
re-weighed to obtain the sample runoff volume (mm) and the sediment
concentration (g L™!). The weight of any residual sediment in the tray
was also dried and included in the total sediment yield (g m~2) for
each rainfall simulation.

After each simulation, the wetting front into the soil profile was
measured. A trench was excavated adjacent to each plot to expose a
20-cm deep by 50-cm wide cut face. The presence of wet or dry soil
was recorded for each 2-cm square (25 squares across and 10 squares
deep) on the exposed face. The total wetted area was the percentage
of 2-cm squares (250 squares total) that were designated as wet.

2.4. Calculations and statistical analysis

For each simulation, the total rainfall applied was calculated from
the calibration sample volume and the duration of the simulation. The
total runoff (mm) for each simulation was calculated from the runoff
rates (mm h™!) and the sample duration, and interpolated over the
time between samples. Infiltration rates (mm h™!) were the difference
between rainfall and runoff per unit time. The total sediment yield
(g m~2) was similarly interpolated from the timed samples and the du-
ration of the simulation, and included any sediment from the tray.
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The results were statistically analyzed using an unbalanced split plot
design in several different linear mixed-effect models (SAS Institute,
2012). The whole plot treatment (by site) was either unburned or
burned. The split plot treatment (by plot) for the unburned sites was
control or bare. Repeated measure analyses were conducted for soil
moisture, runoff, and total infiltration using linear mixed-effect models
(Littell et al., 2006), while canopy cover, ground cover, occurrence of soil
water repellency, and sediment yield were analyzed using generalized
linear models (Littell et al., 2006). In each case, treatment and number
of years after fire were fixed factors, the spacing between measure-
ments was the number of months after the fire, and plot and site were
random variables. The significance of multiple comparisons among
treatments was tested using the differences among least-square
means with a Tukey-Kramer adjustment (Ott and Longnecker, 2001).
The canopy and ground cover data were transformed using the
square-root function to increase the normality of the residual errors
(Ott and Longnecker, 2001), and the transformed data were modeled
using the Poisson distribution. The ground cover and canopy cover
were not independent of the bare treatment, so univariate linear regres-
sions were used to evaluate the effect of ground cover and canopy cover
on runoff and sediment yields and the cover responses for the bare plots
were not directly compared to the control or burned plots. The occur-
rence of water repellency was modeled as a binomial distribution
using the ratio of the number of water drops that indicated water repel-
lency divided by the total number of water drops tested. The sediment
yield was modeled using the lognormal distribution. The soil moisture
was also tested as a covariate for total infiltration and sediment yield
and retained in the statistical model if it was significant. The particle
size distributions of burned and the unburned surface soil were com-
pared using t-tests on the D;s9, Dso, and Dg4; Values of the composite
surface soil samples taken the first year (2000) of the study. A signifi-
cance level of 0.05 was used for all statistical tests.

3. Results
3.1. Site and plot characteristics

3.1.1. Fire effects on soil

There was little or no difference in soil bulk density by treatment
(average BD = 0.46 g cm > for burned and 0.44 g cm > for unburned)
or by depth (average BD = 0.45 g cm > for both 0-5 cm and 5-10 cm
depths). However, the particle size distribution in the burned soil was
significantly finer than the size distribution in the unburned soil, with
the burned soils having smaller diameter particles represented by the
D159, Dso, and Dg4; fractions (Fig. 3).

3.1.2. Soil moisture

The annual precipitation in the four simulation years (PFO-PF2 and
PF5) was less than the 25-yr mean (636 mm), with the lowest annual
precipitation of the study occurring in PFO (82% of the 25-yr mean).
July and August of PFO were much drier than normal, with precipitation
just 34% of the 25-yr mean for the same 2-mo period (78 mm). This
small amount of rainfall resulted in low soil moisture values at the
end of summer when the initial rain simulations were done. In PFO,
the control plots had 18% soil moisture, which was not significantly dif-
ferent from the bare or the burned plots (Table 2).

Precipitation in July and August of PF1 and PF2 was greater than nor-
mal, with precipitation being 147% and 127%, respectively, of the 25-yr
mean for the same period. In PF1 and PF2, the average soil moisture on
the unburned control plots (33% and 44%, respectively) and the bare
plots (36% and 44%, respectively) was greater than in PFO, but the soil
moisture on the burned plots remained consistently low (15 and 17%,
respectively) and not significantly different from PFO (Table 2).

The period from October 2004 to April 2005 was drier than the 25-yr
mean but May 2005 was wetter than average and the mean precipita-
tion for June 2005 was nearly double the 25-yr mean. This relatively

100 +

-e-burned

80 D84.1
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Percent finer (%)

Particle diameter (mm)

Fig. 3. Particle size distribution of burned and unburned surface soils.

wet period was followed by just 2.5 mm of precipitation in
July—significantly less than the 25-yr mean value of 39 mm (Table 2).
The PF5 rain simulations were done at the end of July 2005 and soil
moistures on the control and bare plots (24% and 15%, respectively)
were low and comparable to those measured immediately after the
fire in PFO (Table 2). Mean soil moisture on the burned plots was only
3%, which was the lowest value measured during the study, but not sig-
nificantly different from mean values on the unburned plots in PFO or
the bare plots in PF5 (Table 2).

3.1.3. Understory canopy and ground cover

There was no difference in understory canopy cover in the control
plots between PFO and PF1 (mean of 27%), but the canopy cover in-
creased to 42% in PF2 and increased again to 59% in PF5. The burned
plots had negligible canopy cover following the fire in PFO, but vegeta-
tion increased on these plots throughout the study resulting in canopy
cover values of 7% in PF1, 33% in PF2, and 45% in PF5 (Table 2). In PF2,
the influx of fireweed (Chamerion angustifolium L. Holub.) on the burned
plots accounted for much of the increase in mean canopy cover. By PF5,
the fireweed had subsided, but increases in Scouler's willow (Salix
scouleriana Barratt ex Hook.) and thin leaf huckleberry (Vaccinium
membranaceum Dougl. ex Torr.) increased canopy cover. These changes
in vegetation resulted in no significant differences in mean canopy
cover between the control and burned plots in either PF2 or PF5
(Table 2).

The ground cover on the control plots remained consistently high for
the five years of the study with an overall mean of 90% (Table 2). The lit-
ter and understory vegetation was removed from the bare plots, and the
maximum amount of water that could be held by the dried litter, duff,
and fine roots removed was equivalent to 17 mm. The ground cover
on the burned plots was significantly less than the controls for the
first 3 years of the study—10, 6, and 17% for PFO, PF1, and PF2, respec-
tively. Although the PF5 mean ground cover value on the burned plots
(42%) was less than half of the value for the control plots, the wide var-
iation in measured values resulted in a lack of statistical difference be-
tween the burned and control plots (Table 2).

3.1.4. Water repellency

In PFO, the soil was relatively dry (17-18%) following the period of
low rainfall, and the occurrence of moderate to severe soil water repel-
lency at depths to 3 cm was high (81% overall average) and showed no
significant difference among treatments (Table 2). However, the soil
water repellency was concentrated at the mineral soil surface in the un-
burned (control and bare) plots, and was concentrated 1 to 2 cm below
the surface on the burned plots (Fig. 4).
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Table 2
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Number of plots, soil moisture, understory canopy cover, ground cover, mean soil water repellency occurrence at 0-3 cm depth, total infiltration, runoff, and collected sediment by year and
treatment. The standard error of the means is shown in parentheses. Different letters within a column indicate significant differences at o = 0.05.

Year Treatment n Soil moisture Canopy cover” Ground cover” Water repellency occurrence Infiltration Runoff Sediment yield
(%) (%) (%) (%) (mm) (mm) (gm~?)

PFO Control 21 18 (2.0) de 25(3.7) cd 87 (2.1)a 93(39)a 44 (3.5) bc 58 (3.5) bed 50 (7.1) ¢
Bare 21 18 (2.4) de 0(0) 0(0) 99 (0.6) abed 19(2.6) e 86 (3.0) a 849 (77) a
Burned 60 17 (2.0) cd 0.1 (0.04) f 10(1.0) b 88 (2.3) ab 31(1.0) de 70 (1.1) b 1757 (114) a

PF1 Control 21 33 (2.5) abc 28 (4.1) cd 90 (1.8) a 39 (8.6)d 45 (4.0) bc 56 (3.9) cd 15(3.0)d
Bare 21 36 (4.2) ab 0(0) 0(0) 38 (7.1)d 36 (2.7) bed 64 (2.7) bed 677 (60) a
Burned 59 15(1.1)d 7(12)e 6(14)c 79 (3.5) abc 38 (1.4) bc 61 (14) cd 1099 (60) a

PF2 Control 21 44 (4.8) a 42 (5.6) abc 91(23)a 51 (8.8) cd 48 (3.6) b 53(3.6)d 7(14)e
Bare 20 44 (5.7) a 0(0) 0(0) 62 (9.0) bed 34(32)cd 67 (3.2) bc 624 (81)a
Burned 59 17 (14) cd 33(3.1) bd 17(39)b 48 (44)d 37 (1.3) bc 62 (1.3) cd 391 (47)b

PF5 Control 20 24 (4.2) bed 59 (8.9) ab 91(13)a 94 (4.1)a 47 (34)b 53(3.4)d 54 (22) cd
Bare 17 15 (2.3) cde 0(0) 0(0) 99 (1.0) ab 41 (1.7) bed 59 (1.7) bed 1277 (158) a
Burned 46 3(04)e 45 (2.5) ac 42 (5.2)a 45(5.2)d 84 (1.5)a 14 (1.5)e 15(3.6) de

* Bare plots were not included in the statistical analyses of these variables as all canopy and ground cover were removed before simulations began.

In PF1, soil moisture had increased in the unburned plots (33-36%)
and the mean soil water repellency occurrence values were significantly
lower for the control (39%) and bare (38%) plots as compared to the
burned plots (79%) (Table 2). The occurrence of soil water repellency
in the control and bare plots remained concentrated on the soil surface,
but the “severe” water repellency measurements that predominated in
PFO had nearly disappeared and most of the soil water repellency mea-
surements were “slight” and “moderate” (Fig. 4). In the burned plots,
soil water repellency occurrence was similar to PFO (Table 2), but it
was concentrated at 0-1 cm depth and the proportion of “severe”
water repellency measurements decreased with a concomitant increase
in “slight” water repellency measurements (Fig. 4).

In PF2, the soil moisture in the unburned plots remained high (44%).
The mean soil water repellency occurrence in the control plots was 51%

and the bare and burned plots did not differ statistically from this value
(Table 2). However, the 48% mean soil water repellency occurrence
in the burned plots was significantly less than in PF1, and the water re-
pellency appeared evenly dispersed from 0-3 cm depth (Fig. 4). By PF5,
the control and bare plots had low soil moisture and high occurrences of
soil water repellency at the surface of the mineral soil with no signifi-
cant differences between years PFO and PF5 in either variable
(Table 2; Fig. 4). In contrast, despite the very low soil moisture, in PF5
the burned plots had only 45% occurrence of soil water repellency
which was predominately “slight” and concentrated at the soil surface
(Table 2; Fig. 4).

When substituted for measurement periods, soil moisture was a sig-
nificant covariate for the occurrence of water repellency, and in this
analysis, the treatment had no significant effect. This suggests that
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Fig. 4. Mean occurrence (%) and degree of soil water repellency by year, treatment, and depth. Mean soil moisture (%) by year and treatment is listed.
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high soil moisture content reduced the occurrence of both inherent and
fire-altered soil water repellency.

3.2. Rainfall simulation

3.2.1. Infiltration

In PFO the mean start of runoff on the control plots was 1.4 min with
the mean infiltration rate decreasing sharply for the next 6 min, and
then decreasing very gradually throughout the remainder of the simula-
tion (Fig. 5). The bare and the burned plots followed the same pattern,
but the mean infiltration rates decreased more rapidly and leveled off
at lower values (Fig. 5).

The mean total infiltration in PFO was 44 mm in the control plots as
compared to the significantly smaller mean total infiltration in the
burned plots of 31 mm, and even smaller 19 mm on the bare plots. In
PF1 and PF2, the mean infiltration values were greatest in the control
plots, followed by the burned plots, and least in the bare plots, although
differences among treatments were not always significant (Table 2).
During the same time period the mean wetted area profile values,
which are an indication of the total infiltration, were fairly similar
among the three treatments but differed by year with values ranging
from 24-35% in PFO, 86-91% in PF1, and 72-76% in PF2 (Fig. 6).

Control
100 -®-PF0  —PF1 ~PF2  -0-PF5
=
£
£
2
o
(=
ie)
S
E
0 . : : : : :
0 10 20 30 40 50 60
Time (min)
Bare
100 -B-PFO -&-PF1 —-PF2 -0-PF5
=
£
E
]
[
[=
il
IS
=z
=
0 10 20 30 40 50 60
Time (min)
Burned
122 -B-PFO -&-PF1 ——PF2 -o-PF5
E 80 |
IS
£ 70 4
@ 60 1
O 504
S 40
£ 301
€ 20
10
0 : ‘ ‘ - . ;
0 10 20 30 40 50 60
Time (min)

Fig. 5. Mean infiltration rate (mm h™') plotted over the 60 min rainfall simulation for each
treatment and year.

In PF5, there was no difference between the mean total infiltration
on the control and bare plots (47 and 41 mm, respectively), and these
values were not significantly different from the PFO-PF2 results on the
controls or the PF1-PF2 infiltration values on the bare plots (Table 2).
However, the mean total infiltration on the burned plots increased to
84 mm, and this was more than double the values measured in the
first 3 years of the study and the largest total infiltration measured in
the study (Table 2). The mean wetted area of mineral soil for the burned
plots in PF5 (96%) was also the largest value measured in the study
(Fig. 6).

3.2.2. Sediment

Sediment concentrations in the runoff generally peaked early in the
simulation and then decreased (Fig. 7). The magnitude of the peak con-
centration, the rate of decrease in sediment concentration, and the
amount of runoff determined the total sediment yield from the plots.
In PFO the mean peak sediment concentration in the control plots was
6.7 gL~ (Fig. 7). In the control plots the sediment concentration quick-
ly receded to a value near zero with the median value being 0.6 g L™ of
runoff (Fig. 7). The sediment concentration results in the control plots
were very similar among the four years (Fig. 7).

The sediment concentrations (gL~ ') from the bare plots also peaked
rapidly in the first 15 min of the simulation, but the magnitudes were
much greater than in the control plots. The peak concentrations from
the bare plots in PFO and PF5 were about five times greater than the con-
trols (36 and 38 g L™ !, respectively), while the peaks in PF1 and PF2
were about two to three times greater than the controls (Fig. 7). In
PFO-PF2 the mean sediment concentration in the bare plots quickly re-
ceded to about 10 g L™ ! for the last 50 min of the simulation. The con-
centration from the bare plots in PF5 also receded quickly, but the
final concentration was greater than in PFO-PF2 (Fig. 7).

In PFO-PF1 the peak sediment concentration in the burned was
about five times greater than the controls (38 and 35 g L™ !, respective-
ly) (Fig. 7). The rate of decrease in sediment concentration from the
peak was also less and the mean sediment concentration in these two
years never fell below 15 g L™ ! (Fig. 7). The peak and final sediment
concentrations from the burned plots were much lower in PF2 than in
the same plots in PFO-PF1, but the values were still greater than the
control plots. In PF5 the mean sediment concentration response in the
burned plots closely resembled the response in the control plots (Fig. 7).

Differences in sediment concentration and runoff were reflected in
the sediment yields from the plots. In PFO-PF5, the mean runoff from
the control plots was similar and mean sediment yields were very
small (7 to 54 g m~2; Table 2). In PFO and PF1, the mean sediment yields
on the bare plots (849 and 677 g m—2, respectively) and burned plots
(1157 and 1099 g m~2, respectively) were not significantly different
from each other and both were much greater than on the control plots
(Table 2). In PF2, the burned plots had a lower mean sediment yield
(391 g m~2) than the bare plots (624 g m—2), but both the burned
and bare plots still produced nearly two orders of magnitude more sed-
iment than the control plots (Table 2). There was no significant change
in the mean sediment yield from the bare plots in PF5 (1277 g m~2) as
compared to earlier simulations, and this value was still about 20 times
greater than the sediment yield from the controls (Table 2). In PF5 the
sediment yield in the burned plots was only 15 g m~2, and this was
much lower than the values in PFO—PF2 but not significantly different
from the mean value of 54 g m~2 produced in the control plots
(Table 2).

3.3. Spring PF1

Precipitation in April and May of PF1 was less than normal, but when
combined with melting snow it was enough to increase the soil mois-
ture in the control plots to 74% (Table 3). The soil moisture of 21% in
the burned plots was significantly lower than in the control plots but
this value was still greater than the moisture in the burned plots in
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any of the summer simulations. The soil moisture value of 52% in the
bare plots was not significantly different from the other two treatments.
Mean occurrences of soil water repellency decreased significantly from
their high values in PFO to 4%, 21%, and 36% for the control, bare, and
burned plots, respectively (Table 3). The only seasonal differences in in-
filtration, runoff, or sediment yields were on the control plots where the
mean infiltration value was greater in spring PF1 than the value on the
same subset of plots in the summer PF1 (Table 3).

4. Discussion
4.1. Fire effects on infiltration

This study adds to the growing evidence that the effects of wildfire
on water infiltration into soil are complex and involve several soil
and hydrologic characteristics that vary within the spatial extent
of the fire and across a temporal scale that extends many years after
the fire. The measurements over the five years of this study allowed
us to quantify the longer-term variability of post-wildfire infiltration
in the ash cap soils that are characteristic of the forests of northern Mon-
tana and Idaho. In addition, both the seasonal and annual temporal var-
iations in infiltration were associated with changes in soil water
repellency.

The inherent surface soil water repellency, a common characteristic
of ash cap soils (Kawamoto et al., 2007), was not detected in areas
burned at high severity after the wildfire. A new, fire-altered water re-
pellent soil layer was observed 1-2 cm below the surface (Fig. 4, burned,
PF0). Laboratory studies have shown that soil water repellency can be
destroyed at high temperatures (DeBano, 1981; Robichaud and
Hungerford, 2000), and it is possible that the surface water repellency
was destroyed by heat and a new water repellent layer was created at
the 1-2 cm depth. Translocation of soil water repellency from the sur-
face to below the surface has also been demonstrated in areas burned
by wildfire (e.g., Doerr et al., 2006a), and this is a more likely explana-
tion for our results.

Both inherent and fire-altered soil water repellency were sensitive
to soil moisture (Fig. 8). The occurrence of water repellency in the con-
trols was similar under dry soil conditions (Table 2) whereas in spring
PF1 when the mean soil moisture was 74%, no inherent soil water repel-
lency was detected (Fig. 8; Table 3). This result is consistent with find-
ings of several previous studies that relate soil moisture to soil
wettability (e.g., Bodi et al., 2013; Czachor et al., 2010; MacDonald and
Huffman, 2004; Vogelmann et al., 2013; Zehe et al., 2007).

In contrast to the inherent soil water repellency, the fire-altered
water repellency was essentially gone in PF5 (Fig. 4). Some water repel-
lency was observed at the surface of the burned soil in PF5, and we attri-
bute this to the very low soil moisture (Doerr et al., 2006b). Recovery of
inherent water repellency after a wildfire is not well established. Jordan
et al. (2009) reported that soil water repellency comparable to the un-
burned condition was practically re-established just 18 months after
an intense experimental fire in a Mediterranean heathland. However,
Doerr et al. (2006a) found that inherent surface water repellency
destroyed by a high severity fire did not show signs of recovering after
two years. In the Mediterranean ecosystem of Israel, soil in the burned
areas remained wettable two decades after forest fires had destroyed
the inherent soil water repellency (Tessler et al., 2013). The re-
establishment of inherent soil water repellency after wildfires is highly
dependent on restoration of organic matter within the soil, which grad-
ually returns as decayed organic matter builds up and micro-organisms
and fine roots are re-established in the upper horizon of the soil—a pro-
cess that may take decades (Tessler et al., 2013).

Several factors can affect the infiltration rate from rainfall simula-
tions, including: the amount of interception and storage by understory
canopy and ground cover; flow through macropores such as root
holes; soil sealing by rain drop impact or mobilization of fine soil, ash,
or organic particles into surface pores; or presence of a water repellent
layer. Infiltration values on the control plots remained constant and
high (44-48 mm) throughout this study despite variations in soil mois-
ture and water repellency, likely due to the high porosity of the ash-cap
soil (Shoji et al., 1993). The runoff ratios in our control plots are
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consistent with other studies in unburned pine forests where high rain-
fall intensities were simulated (Table 1).

Despite the relatively uniform runoff ratios throughout our study,
the wetted areas from the post-simulation excavations on the control
plots showed very little rainfall had infiltrated into the dry, water
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Fig. 8. Mean soil water repellency occurrence versus soil moisture by treatment (shades)
and year (symbols). "Unburned"” includes "bare" plots and data includes spring PF1.

repellent soil in PFO and PF5 (Fig. 6). Given that forest floor material in
pine forests absorbs and holds large amounts of rainfall (Neris et al.,
2013), much of the simulated rainfall attributed to infiltration on the
control plots likely was stored in the litter and duff that covered the
plots (Leighton-Boyce et al., 2007). The water stored in the litter, duff,
and fine roots removed from the bare plots accounted for about 61%
of the difference in infiltration between the control and the bare plots
in PFO. We attribute the remaining 39% to lower infiltration capacity
resulting from soil sealing and redistribution of fine soil particles in
the bare plots. The lower infiltration volumes in the bare plots than
the controls in PF1-PF5 can be accounted for by mostly the loss of litter
storage and some soil sealing.

The difference in infiltration between the burned and control
plots in PFO-2 (7-13 mm) can be accounted for by the loss of litter stor-
age in the burned plots. The burned plots also had some additional
moisture storage capacity in the soil above the water repellent layer at
1 cm. We suspect that soil sealing was also a factor given the lack of
soil structure and finer soil particle size distribution in the burned soil
(Fig. 3).

The ground cover on the burned plots was less than half the value on
the control plots, so litter storage does not explain the higher infiltration
rate in the burned plots in PF5. Although we did not evaluate all of the
soil in the plots, the cut faces we did expose showed no signs of
macropore flow. We did not measure soil sealing directly but because
of the much greater amount of litter in the control plots than in the
burned plots in PF5, soil sealing was not a factor. We therefore ascribe
the greater infiltration rates in the burned plots to the very low occur-
rence and severity of the fire-altered soil water repellency as compared
to the prevalent and severe inherent water repellency in the control and
bare plots (Table 2).

These findings suggest that modeling infiltration rates in water re-
pellent soils should account for: 1) the dynamic soil water repellency
as a function of soil moisture; 2) the changes in severity of fire-altered
soil water repellency in the first few years after wildfire; and 3) when

Mean soil moisture, water repellency occurrence at 0-3 cm depth, infiltration, runoff, and sediment yield for a subset of 14 plots sampled in spring PF1. Standard errors of the means are
shown in parentheses. Data for the same 14 plots are included for PFO and PF1 for comparison.

Year Treatment n Soil moisture Water repellency occurrence Infiltration Runoff Sediment yield
(%) (%) (mm) (mm) (gm~?)
PFO Control 3 26 (12) 100 (0) 47 (13) 56 (14) 60 (24)
Bare 3 29 (13) 100 (0) 22 (12) 83 (12) 626 (132)
Burned 38 12 (2.1) 92 (4.7) 29 (1.8) 70 (1.6) 2117 (308)
Spring PF1 Control 3 74 (14) 42 (42) 67 (12) 31(12) 9.2 (3.9)
Bare 3 52(8.1) 21 (21) 45(8.2) 53 (8.3) 738 (293)
Burned 8 21 (3.7) 36 (14) 46 (2.7) 52 (2.8) 1278 (128)
PF1 Control 3 26 (3.5) 13 (13) 40 (11) 62 (9.6) 5.1(0.8)
Bare 3 49 (22) 33(8.3) 35(0.2) 66 (0.8) 811 (371)
Burned 38 16 (2.4) 69 (14) 36 (1.5) 63 (1.8) 1195 (68)
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present in unburned conditions, the longer term recovery of inherent
water repellency in burned soils.

4.2. Fire effects on interrill erosion

The combination of treatments in our study provides some mecha-
nistic understanding of rain splash erosion, specifically with regard to
the protection of the soil surface provided by understory canopy and
ground cover (Table 2). As a result, the control plots had consistently
low sediment concentrations and sediment yields similar to those mea-
sured in other studies (Table 1). The main factor affecting sediment pro-
duction within the narrow range observed in the control plots was the
amount of runoff produced under the various soil moisture and soil
water repellency conditions. In the case of the control plots, the soil
water repellency was both a direct and indirect control on sediment
production, as the water repellency allowed greater amount of rain
splash erosion (Ahn et al., 2013) and it reduced the infiltration rates,
leading to more overland flow for additional detachment and transport
of sediment.

In contrast, the mineral soil in the bare plots was exposed to the full
impact of the simulated rainfall. The small variation in sediment yields
in the bare plots was related to the amount of disturbance required to
remove the litter and vegetation, which was highest in PFO and PF5.
These periods also had the highest occurrence of soil water repellency
in the bare plots because of the low soil moisture conditions, but the
sediment yields from the bare plots during the other simulations did
not correlate to soil water repellency (Table 2).

The 1757 ¢ m~—2 measured in the burned plots in PFO was higher
than the values from other rainfall simulation studies in burned
pine forests (17-1040 g m~2; Table 1). We attribute the greater sedi-
ment yield to the higher rainfall intensity in the current study than
the previous simulations. The sediment yields in our burned plots
decreased as the ground cover increased (Table 2), and the ground
cover was the best predictor of sediment yields in the burned plots
(Benavides-Solorio and MacDonald, 2001; Johansen et al., 2001;
Robichaud et al., 2013a). Consequently, post-fire prediction models
should account for: 1) the expected rainfall intensity at the location of
interest; 2) the short term (minutes) changes in interrill erosion rates
within a rain event as measured in our simulations (Fig. 5); and 3) the
long term (1-5 years) post-fire recovery of protective ground cover,
which may vary with climate and soil conditions (Robichaud et al.,
2013b).

5. Conclusions

This post-wildfire infiltration and erosion study took place in a steep
montane conifer forest with inherently water repellent ash cap soils.
Small-plot rainfall simulations (100 mm h~! for 60 min) were applied
to compare infiltration and sediment yields from interrill erosion
among unburned plots that were untreated (control) or had surface
vegetation, litter, and duff removed prior to each simulation (bare),
and plots burned at high severity (burned). Rainfall simulations and as-
sociated measurements were done immediately after the wildfire in
2000 (PFO). A sample of the simulations was repeated under high soil
moisture conditions in spring 2001. Simulations were repeated on all
available plots in the summers of 2001 (PF1), 2002 (PF2), and 2005

(PF5) making this one of very few post-fire studies to extend for 5 years.

The unburned soil was inherently water repellent at its surface and
the burned soil had no surface water repellency but had a layer of
water repellent soil at 1-2 cm deep. Both the inherent and fire-altered
soil water repellency were stronger and more extensive under low
soil moisture conditions. The occurrence and severity of the fire-
altered soil water repellency decreased over time and by PF5 the fire-
altered soil water repellency was significantly reduced in severity and
occurrence. In contrast, there was no change over time in the inherent

soil water repellency in the control and bare plots—it was equally perva-
sive in PFO and PF5 (93-99%).

Despite the prevalent and severe water repellency in the control
plots, the infiltration in the controls was 44-48 mm during the summer
simulations. The control plots had extensive ground cover of litter and
duff as well as understory canopy cover from low shrubs, forbs, and
grasses which protected the mineral soil from rain splash erosion. The
runoff collected from the control plots had consistently low sediment
concentrations which resulted in low sediment yields. Infiltration on
the bare plots, as determined by the runoff mass balance and by observ-
ing the wetness of the post-simulation excavated soil, was always less
than the controls, but the differences were not always significant. With-
out any protective ground or canopy cover, the sediment concentrations
in the runoff from the bare plots were always much greater than the
controls, and the higher sediment concentrations and runoff amounts
led to significantly greater sediment yields.

The infiltration and sediment responses on the burned plots
changed over time reflecting some post-fire recovery over the five-
year study. In PFO and PF1, the burned plots had high occurrence of
soil water repellency, low infiltration, and little ground or canopy
cover which resulted in very high sediment concentrations in the runoff
and sediment yields. In PF2, the soil water repellency decreased, but this
did not affect the infiltration rates. The increase in ground and canopy
cover in PF2 led to a mean sediment yield that was about a third of
the amount measured in PF1. In PF5 the burned plots had significantly
less water repellency and significantly greater ground and canopy
cover and infiltration, and the result was very low sediment concentra-
tions and a mean sediment yield (15 g m~2) that was comparable to the
yields from the controls.

Our results indicate that both ground cover and soil water repellency
affect the infiltration capacity in ash cap soils. Comparisons between the
bare and control plots showed that removal of the surface cover, with its
requisite water storage capacity, explained most of the decrease in infil-
tration in the bare plots, and we attribute the remainder to sealing of the
exposed soil. In the burned plots, the fire-altered water repellency
changed during the five years of post-fire recovery, and the infiltration
volumes decreased as the repellency diminished.

The interrill erosion was consistently high in the bare plots, and re-
flects their relatively consistent surface conditions. In contrast, the ero-
sion in the burned plots decreased each year and was comparable to the
interrill erosion in the controls in the fifth post-fire year. The higher ini-
tial rates can be attributed to lack of cover and subsequently high rain
splash erosion rates, relatively low infiltration, and high availability of
mobile soil particles. The interrill erosion in the burned plots diminished
over time as the surface cover recovered and the fire altered water re-
pellency decreased, allowing greater infiltration.
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