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HIGHLIGHTS

e A spike in erosion occurred the year following a prescribed burn on a sagebrush-steppe rangeland.

e Two years after a prescribed burn on a sagebrush-steppe rangeland, burned plots had less runoff and erosion than un-
burned plots.

e Snowmelt processes may be important contributors to erosion in some sagebrush-steppe rangelands.

ABSTRACT. 4 study was carried out to compare runoff and erosion from natural rainfall on plots that had been treated with
prescribed fire to unburned plots on a sagebrush-steppe rangeland in Southeast Idaho, U.S. Prescribed fire on rangeland
sites is intended to maintain healthy shrub-steppe ecosystems but sometimes results in undesirable consequences such as
increased runoff and soil erosion. Information is lacking on plot-scale erosion studies from natural precipitation in this
ecosystem. Such plot-scale studies are needed to better understand sediment sources (uplands or channels) to support the
management and modeling of rangeland watersheds. In this study, there were two treatments: four prescribed burn plots
and three adjacent unburned control plots. Runoff and erosion were measured from natural rainfall for water years (WY)
2004 to 2010 following a prescribed burn in October 2003. Runoff and erosion were also measured from nearby unburned
plots for WY 2005-2010. Ground cover on the burned plots averaged 57% (standard error (s.e. = 4%) in the summer of
2004, compared to 95% (s.e. = 5%) on the unburned plots. By the end of the study in 2010, ground cover had increased to
81% (s.e. = 4%) on the burned plots but decreased to 74% (s.e. = 5%) on the unburned plots. Annual runoff averaged 6 mm
(s.e. = 7) from four burned plots, compared to 34 mm (s.e. = 8.7) from three unburned plots. In WY 2006, high rates of
runoff from snowmelt on the unburned plots resulted in 122 mm (s.e. = 16) of runoff compared to only 12 mm (s.e. = 14) of
runoff from the burned plots. An analysis of variance showed significant differences in runoff due to either precipitation
(p = 0002) or year (p = 0.004) and treatment (burned vs. unburned; p=0.03). There were also significant differences in
seasonal runoff (p = 0.05), as 90% of the measured runoff occurred in the spring, with all large runoff events associated
with snowmelt. Erosion on the burned plots averaged 233 kg ha' (s.e. = 21) compared to 133 kg ha'! (s.e. = 29) on the
unburned plots. From two years after the burn and for the remainder of the study, there were no significant differences in
erosion between burned and unburned plots (p < 0.05). Future studies are needed to link upland runoff and erosion with
channel deposition, erosion, and sediment delivery, and more detailed studies on erosion associated with snowmelt on
rangelands are needed to aid in the development of watershed modeling tools. Future studies should include observations
of plant community regeneration in addition to ground cover, runoff, and sediment delivery.
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n interdisciplinary research project was carried
out following a prescribed burn in October 2003
on a shrub-steppe ecosystem in Southeast Idaho,
U.S. The effects of the burn on canopy, soil qual-
ity, and insect populations were reported in Page-Dumroese
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et al. (2023). The effects of that prescribed burn on ground
cover, runoff, and erosion compared to a nearby unburned
site are reported in this article.

Rangelands encompass approximately 31% of the land
area in the United States (U.S.), with the federal government
managing 62 million ha (Lubowski et al., 2006), located pri-
marily in the West. The Great Basin region (fig. 1a) of the
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Figure 1. Locations of (a) geographic regions in the U.S.; (b) this study’s research site and rainfall simulation sites near Boise, Reynolds Creek
Experimental Watershed and Blackfoot, Idaho, Denio and Marking Corral, Nevada, and Onaqui, Utah; (c) the Red Mountain study site, Giveout
SNOTEL site, and Montpelier, Idaho; and (d), the erosion research plots, one of the three soil quality plots (Page-Dumroese et al., 2023), weather
station, and burn unit 11 (shaded in pink; Johnson, 2003) on the Red Mountain burn erosion study (sources of base maps are (a) Nationsonline.org;

(b) Google Maps; (c) Google Earth; (d) U.S. Geological Survey).

western U.S. is located between the Rocky Mountains on the
east and the Sierra Nevada Mountains on the west. Shrub-
steppe (shrub and bunchgrass) plant communities dominate
the land cover. The community is a biologically rich ecosys-
tem, with sagebrush (Artemesia spp.) being the dominant
shrub (Brooks et al., 2015; Dumroese et al., 2015). Wildfire
is a natural occurrence in the sagebrush-steppe ecosystem
and has become more frequent in recent decades (Brooks et
al., 2015).

Prescribed fire is used on grasslands and rangelands for
fuel and litter reduction, increasing available nutrients and
soil water for desirable species, and ecosystem restoration,
mimicking the beneficial properties of wildfire (Brooks et al.,
2015; Bunting et al., 1987; Engle and Bidwell, 2001; Fuhlen-
dorfetal., 2011; Harper et al., 2011). Prescribed fire has been
beneficial for reducing invasive tree encroachment in both
Mid-South U.S. and Great Basin U.S. ecosystems (Harper et
al., 2011; Williams et al., 2020; fig. 1a). One of the main in-
vasive plants in the Great Basin is cheatgrass (Bromus tecto-
rum L.), but prescribed fire has increased the susceptibility of
species establishment (Keely and McGinnis, 2007; Williams
etal., 2020). In the Mid-South U.S. (fig. 1a), the timing of the
burn depends on the goal, with spring burns encouraging the
growth of desirable grasses, mid-summer burns reducing
woody succession, and late summer or early fall burns en-
couraging forb coverage for wildlife (Harper et al., 2011).
In the Great Plains (fig. 1a), prescribed fire has increased
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production of perennial grasses with early spring burns by re-
ducing mulch layers that build up, particularly in the absence
of wildfire or grazing (Engle and Bidwell, 2001). Later spring
burns sometimes reduce forage production, depending on
weather and other site conditions. Engle and Bidwell (2001)
reported that fall burns may increase forb production, which
may be desirable, or not, depending on the rangeland man-
agement goals. In the northern Great Basin shrub-steppe eco-
system (fig. 1a), prescribed burns are usually carried out in
the early fall when grasses are dormant (Bunting et al., 1987,
Williams et al., 2016b, 2020). Bunting et al. (1987) reported
that in the spring, the moisture content of the vegetation was
usually too high for an effective burn, and summer burns
could be detrimental to the indigenous grass community, as
can late fall burns if grasses have begun to resprout. Fall
burns may be delayed until the onset of autumn rains to in-
crease the soil water content and limit the severity of the burn
(Johnson, 2003).

Prescribed fire may result in a loss of ground cover that
may increase erosion (DeBano, 1981; Inbar et al., 1998;
Meeuwig, 1971; Pierson et al., 2001, 2002, 2008; Vega et
al., 2020; Williams et al., 2016a,b). Post-fire elevated runoff
and erosion may also be attributed to postfire water repel-
lency (DeBano et al., 1970; Pierson et al., 2001) and loss of
vegetation canopy (Williams et al., 2016a,b). Increased run-
off following a fire may lead to increased sediment transport
capacity and sediment delivery to channels (Pierson et al.,
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2008, 2009; Williams et al., 2016b). Williams et al. (2020),
however, reported that prescribed fire on rangeland steppe
ecosystems may lead to an increase in herbaceous cover, re-
sulting in less runoff and erosion from burned sites com-
pared to unburned sites. The temporal and spatial extent of
fire effects will likely be site-specific due to interactions
among soil, vegetation, topography, and weather (Pierson et
al., 2008; Vega et al., 2020; Williams et al., 2016b).

Fire can change the amount of soil surface and mineral
organic matter (OM), carbon (C), and nitrogen (N), thereby
altering soil properties (DeBano and Klopatek, 1988;
Gustine et al., 2021; Page-Dumroese et al., 2023) and vege-
tation recovery (Fenn et al., 2010). After a fire, a reduction
in the canopy and increased soil water content may increase
the decomposition rates of organic ground cover (Bradford
et al., 2014) and runoff rates (Castillo et al., 2003; Nearing
et al., 1996), leading to increased erosion risk. Fire may de-
crease aggregate stability, resulting in finer particles being
more easily detached and transported during rainfall and run-
off events (Mataix-Solera et al., 2011).

Fire can complicate rangeland hydrology. The two domi-
nant processes that cause surface runoff are infiltration ex-
cess runoff, when precipitation intensity or snowmelt rate
exceeds soil hydraulic conductivity, or saturation excess run-
off, when the soil pore spaces are near saturation, so addi-
tional infiltration is limited to soil water loss through deep
seepage, lateral flow, or evapotranspiration (Ward and El-
liot, 1995). In shrubland plant communities, these processes
are further complicated by differences in infiltration rates be-
neath shrub canopies and between shrubs (Pierson et al.,
2001, 2003). Pierson et al. (2003) reported infiltration rates
beneath shrubs of 5665 mm h™! and between shrubs of 40—
50 mm h™! on sandy loam soils. Following wildfire, the infil-
tration rates beneath shrub sites dropped to 54-56 mm h!,
while between the shrubs, rates increased to 60 mm h™!. Fire,
whether it be a prescribed burn or a wildfire, results in a mo-
saic of burn conditions that can range from unburned to high
severity. One of the hydrologic effects of spatial variability
is the concept of “partial area hydrology” or “variable source
area hydrology,” where the fraction of a hillslope with low
hydraulic conductivity may generate runoff from low inten-
sity precipitation or snowmelt rate, but it is only when the
precipitation rate exceeds the highest hydraulic conductivity
on the hillslope that the overall hydraulic conductivity for
the site can be determined (Engmun, 1974). Partial area hy-
drologic processes can be influenced by multiple surface
conditions, like variability in burn severity and soil proper-
ties (Robichaud et al., 2007), the presence of roads or other
development (Engmun, 1974), and topographic features, like
swales and variations in slope steepness (Boll et al., 2015).
Partial area hydrology not only affects surface runoff but
also lateral flow, a common process on steep lands (Boll et
al., 2015), and deep seepage recharging groundwater re-
sources and downstream base flows (Engmun, 1974). Vari-
ability in hydrologic processes on colder rangelands is fur-
ther complicated by snow accumulation and melt. Areas
with more dense shrub cover (Sturgis, 1977) or swales on the
landscape (Luce, 2000; Vega et al., 2020) can trap and accu-
mulate snow, leaving areas with less dense vegetation or
ridge tops with less snow accumulation. The spatial
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variability in snow depth and runoff means that during a
large precipitation or snowmelt event, some areas of the
landscape will generate runoff while other areas may be sites
of net infiltration. On sites with significant amounts of rock,
soil hydraulic conductivity is reduced (Brakenseik and
Rawls, 1994). The distribution of rock, both spatially and
with depth, can impact both surface and subsurface hydrol-
ogy. The complex variability in runoff will lead to variability
in soil detachment and deposition within a given landscape
(Cao et al., 2021).

Numerous hydrologic studies have been conducted on
rangelands following prescribed fires with rainfall and run-
off simulation (Al-Hamdan et al., 2015; Moffet et al., 2007;
Pierson et al., 2008, 2009; Williams et al., 2020). These stud-
ies all concluded that prescribed fire reduced ground cover
and canopy, and increased runoff and erosion compared to
unburned plots. Williams et al. (2020) reported that nine
years following a prescribed fire, rainfall simulation runoff
was less from burned plots, but erosion was generally greater
compared to the control plots. Vega et al. (2020) reported on
a study using silt fences to measure erosion following the
2015 Soda wildfire on a sage-steppe landscape near Reyn-
old’s Creek, ID (fig. 1b). They reported erosion rates ranging
from 0.0 to 28 Mg ha™! from 24 plots and 415 mm of precip-
itation. About 150 mm of runoff was observed from the en-
tire 1.29 km? Murphy Creek watershed where the plots were
installed the year following the fire. However, studies ex-
ploring runoff and erosion following prescribed fire associ-
ated with natural weather events are lacking, particularly
multiyear studies with diverse weather patterns and snow-
melt interacting with recovering vegetation.

The objectives of this study were to quantify the impacts
of prescribed fire on surface cover, runoff, and erosion on a
sagebrush-steppe site in the five years immediately follow-
ing a prescribed burn. Specifically, the hypotheses were that
(1) surface runoff and soil erosion will be greater from
burned plots than from nearby unburned plots, and (2) in the
subsequent years following a prescribed fire, ground cover
will increase and runoff and erosion on burned plots will de-
crease to unburned levels.

MATERIALS AND METHODS
STUDY AREA

The study was located at approximately 42.42°N latitude
and -111.09°W longitude within the Red Mountain Pre-
scribed Burn in the Montpelier Ranger District of the Cari-
bou-Targhee National Forest (Johnson, 2003). The elevation
was 2100-2140 m. The site was approximately 27 km north-
east of Montpelier, Idaho, in Bear Lake County (fig. 1c). The
Red Mountain Prescribed Burn consisted of 19 burn units
covering 642 ha within the total project area of 1515 ha. The
stated purpose of the burn was to “increase the diversity of
mountain big sagebrush structure by targeting the sagebrush
that is in a late successional stage (canopy cover greater than
15%)” (Johnson, 2003). Johnson (2003) stated that the sage-
brush canopy cover ranged from 27% to 40% within the pro-
posed burn units (fig 2). The Red Mountain prescribed burn
was initiated on 3 October 2003, when soil water content
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Figure 2. Rangelands in the vicinity of the Red Mountain burn soil ero-
sion study (photo by I. S. Miller).

was near field capacity, resulting in a mosaic of unburned
and low- to moderate- severity burns.

The average annual precipitation for this area was
520 mm, and the mean annual temperature was ~1.5°C. The
average annual minimum temperature was -3°C, and the av-
erage annual maximum temperature was 13°C. The general
climate had cold, wet winters and hot, dry summers, with
most of the precipitation occurring as snow from October
through April (Johnson, 2003). Figure 3 shows the average
monthly temperatures and precipitation depths from the Giv-
eout SNOpack TELemetry (SNOTEL) network site
(https://wce.sc.egov.usda.gov/nwee/site?sitenum=493)  lo-
cated 6 km west of the research site (fig. 1c) for water years
(WY) 1989-2023. The estimated RUSLE R-Factor for the
site was about 600 MJ mm ha! h™! y'! (Huffiman et al., 2013).

The dominant preburn shrubs in the 1500-ha burn area in-
cluded little sagebrush (Artemisia arbuscula Nutt.;
35% cover) and mountain big sagebrush (Artemisia triden-
tata Nutt. var. pauciflora Winward and Goodrich;
30% cover). Major grass species were Idaho fescue (Festuca
idahoensis Elmer; 25% cover) and bluebunch wheatgrass
(Pseudoroegneria spicata (Pursh) A. Love; 5% cover)
(figs. 2 and 4). The main forb present on the site was Jones’
fleabane (Erigeron jonesii Cronquist; 10% cover) (Page-
Dumroese et al., 2023).

When the study was initiated in 2003, the Caribou-Tar-
ghee National Forest soil scientist stated that the site soil se-
ries was the Squawval-Bischoff family complex (Page-
Dumroese et al., 2023). A more detailed soil survey of the
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Figure 3. Average monthly precipitation and temperature from the Giv-
eout SNOTEL site for WY 1989-2023 (https://wcc.sc.egov.usda.gov/
nwecc/site).
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Figure 4. Installation of an unburned plot. Note the upper plot border
in the lower left corner and the cover over the tipping bucket installa-
tion at the bottom of the plot. The sagebrush canopy is the light green
shrub, and the yellow flowering shrub is rabbitbrush (Ericameria nau-
seosa) on the Red Mountain burn erosion study (photo by L. S. Miller).

area was published in 2017, and the WEPP Cloud interface
(Lew et al., 2022) to the U.S. Soil Survey Geographical Da-
tabase (Reybold and TeSelle, 1989) showed that the soil be-
neath the burned plots was Poodle-Bishchoff family com-
plex loam soil, but the nearby unburned plots were on a Yago
stony silty clay loam. The textural details of these two soils
are shown in table 1. In the spring of 2004, Page-Dumroese
et al. (2023) installed soil quality plots, collected soil sam-
ples for nutrient analysis, and measured canopy cover on
both burned and adjacent unburned sites. They found that
soil nitrogen on the burned plots was significantly lower than
nearby unburned plots (p < 0.05), but organic matter and
bulk density were not significantly different between the two
treatments (table 2).

A weather station was installed on the south side of a
ridgeline near the burned plots (figs. 1d and 5). Precipitation,
air temperature, humidity, solar radiation, and wind speed
and direction were recorded continuously from 16 October
2003, through 27 August 2010. In April 2007, the rain gage
malfunctioned, so precipitation data from the Giveout
SNOTEL were accessed to support the study. The Giveout
SNOTEL site was 6 km west of the site at an elevation of
2112 m (fig. 1c). Onsite air temperature data collection con-
tinued throughout the study.

RUNOFF AND EROSION PLOTS

Four runoff and erosion research plots were installed on
burn unit 11 (figs. 1d and 5) in October 2003, within days of
the completion of the burn. The plots were located within the

Table 1. Soil properties from Lew et al. (2022) for the Red Mountain
prescribed burn erosion study. K Factor estimated as per Huffman et
al. (2013).

Soil
Property Poodle-Bischoff Yago
Treatment Burned Unburned
Clay (%) 16 30
Sand (%) 35 12
Silt (%) 49 58
Rock Content > 2 mm (%) 9 61
Organic Matter (%) 3 3
Depth (m) 1.2 1.6
K Factor (t ha h / ha MJ mm) 0.041 0.037
JOURNAL OF THE ASABE



Table 2. Some post-burn soil chemical and physical properties for the
0- to 30-cm deep mineral soil core and vegetation cover for the burned
plots and adjacent unburned sites 8 months after the burn on the Red
Mountain prescribed burn site, mean values, and (standard error).
Probability that the values were not significantly different (p < 0.05)
are shown in bold (Page-Dumroese et al., 2023).

Soil and Vegetation

Characteristics Unburned Burned  p-valuel*H®!

Soil

Organic matter (Mgeha™) 26.1(7) 24.0 (6) 0.3

Carbon (Mgeha™) 15(5) 11(4) 0.08

itrogen (kgeha™) 1100 (21) 840 (20) <0.001

C:N 13(0.2) 13 (1) 0.4

Bulk density (Mgem™) 1.05(0.3)  0.99 (0.4) 0.4
Vegetation Canopy Cover (%)

Grass cover 30 (0.5) 35(1) <0.001

Forb cover 10 (0.5) 5(0.4) <0.001

Shrub cover 40 (3.2) 32 (4.0) 0.01

[ Unburned versus prescribed fire soil properties were evaluated with a
paired t-test.
(1" Bold p-values are significantly different (p < 0.05).

Figure 5. Installation of the plot borders on two of the burned plots on
Burn Unit 11 in October 2003. On the lower left are the covers over the
boxes containing the sediment basins and tipping bucket devices
(fig. 7). The bottom gutters to divert runoff and sediment from the bor-
dered plots to the sediment basins (fig. 6) have not yet been installed.
The weather station is in the background still on Burn Unit 11, but the
burn was less severe on the Red Mountain Burn Erosion study (photo
by L. S. Miller).

burn unit, where the severity was considered moderate to
high (Parsons et al., 2010), as there was little above-ground
vegetation remaining (fig. 5). Snowfall prevented the instal-
lation of three unburned plots in 2003. In August 2004, three
unburned plots were installed ~280 m southwest of the
burned plots (figs. 1d and 4). Plots were 10-m long and 5-m
wide (figs. 4, 5, and 6), with a southwest aspect (~215°).
Slope steepness averaged 26% for burned plots and 31% for
unburned plots.

Sheet metal borders were installed on three sides of each
plot to isolate the plot from the surrounding hillslope (figs. 4,
5, and 6). Runoff was diverted by metal gutters on the down-
hill side of each plot into a 56-L sediment trap (figs. 6 and 7).
Outflow from the sediment trap was directed to a tipping
bucket runoff measuring device (Black and Luce, 2013; Wi-
jayawardhana et al., 2021) fabricated in the Moscow For-
estry Sciences Laboratory (MFSL) machine shop (figs. 7
and ).

The tipping bucket devices used to measure runoff rate
had a volume of ~1.0 L per tip (fig. 8). A magnetic reed
switch on the frame of the device was connected to a data
logger to record the period of each tip. Each device was
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individually calibrated at the MFSL for a range of flows,
with intervals between tips from ~1 to 30 s (0.03to 1.0L s
1. The data were summarized in tips per hour for high runoff
rates and hours for a single tip representing approximately
0.02 mm of runoff from a 50 m? plot when runoff rates were
low. To determine the plot runoff amount, the gutter was as-
sumed to generate 100% runoff, so the fraction of runoff that
was collected by the gutter was subtracted from the plot run-
off volume measured by the tipping bucket. To estimate the
suspended sediment concentration that was not collected in
the sediment box, but carried through with the overflow run-
off, a slot sampler was installed on one side of the tipping
bucket to collect a small proportion of the runoff from each
tip and divert it to a container further downslope (fig. 6).

Sediment delivery was measured by collecting sediment
deposited in the gutter, collected in the sediment trap, and
suspended in runoff from the tipping buckets. The annual
amount of sediment collected was divided by the plot area
(50 m?) to determine the erosion rate (kg ha'). For burned
plots, sediment that accumulated during the preceding
12 months was measured in August or September during
2004 through 2007. Sediment was allowed to accumulate
from 2008 through 2010, and total accumulation for the three
water years was measured in August 2010. For unburned
plots, erosion was measured in 2005, 2006, and 2007, and a
cumulative sample for 2008 through 2010 was collected in
2010.

When the plots were serviced each summer, sediment was
removed from the sediment box and the gutter and dried at
105°C in the MFSL Soil and Water Engineering Laboratory.
Runoff and sediment in the proportional runoff collectors,
designed to collect a small sample of runoff from the sedi-
ment box, was insufficient to prevent the evaporation of the
entire sample. To estimate the concentration of suspended
sediment in the runoff leaving the sediment box, a ~2-L wa-
ter sample was collected from the sediment box prior to the
annual cleanout.

GROUND COVER

Ground cover was measured within a 1.2-m square PVC
gridded frame fitted with a string grid with 100 intersecting
points (Lutes, 2006). The gridded frame was placed ran-
domly at three locations within each of seven erosion plots.
X and Y coordinates within each plot for each sample loca-
tion were determined by a random number generator and
were recalculated for each year. Ground cover was classified
at each string intersection as bare mineral soil, rock,
branches (> 1-cm diameter), charcoal, ash, or other organic
material (including decomposing vegetation, twigs, moss,
leaves, grass, or similar plant materials). In October 2003,
ground cover was determined in each of the four burned
plots within two weeks of burning. Additional ground cover
measurements were carried out in August or September on
burned plots—from 2004 through 2010, on unburned plots
from 2004 through 2007, and again in 2010.

STATISTICAL ANALYSES

The normality of the ground cover, runoff, and erosion
were tested with the Shapiro-Wilk (S-W) test (R Core Team,
2021), where a p-value > 0.05 implied the data are not
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Figure 6. Diagram of plot setup showing the bordered plot, metal gutter to collect plot surface runoff and downslope boxes for the sediment basin
(fig. 7), tipping bucket (figs. 7 and 8), and tank to collect a sample of runoff to determine sediment that was not deposited in the sediment basin
on the Red Mountain Burn Erosion study.

Figure 7. Sediment basin and tipping bucket device installed in enclo-
sure downhill from the bordered erosion plot (figs. 5 and 6) on the Red
Mountain Burn Erosion study (photo by I. S. Miller).

Figure 8. Tipping bucket runoff measuring device like those installed
in the pits below the erosion plots (figs. 6 and 7) to measure runoff rates
on the Red Mountain Burn Erosion study (photo by A. Yuksel).

significantly different from a normal distribution. To achieve

normality with bare mineral soil, the square root was calcu-
lated for each of the observed values (S-W p-value = 0.75).
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The annual runoff values needed to be log-transformed to
improve normality (S-W p-value = 0.03). The normality for
the erosion was improved with a logl0(logl0(erosion))
transformation (S-W p-value = 0.02). Numerous other trans-
formations were evaluated for runoff and erosion, but none
were identified that were better than the two that were se-
lected. Following transformations, two-way analyses of var-
iance (ANOVA) were applied to the three data sets with the
independent variables treatment (burned or unburned) and a
yearly variable, using either year or annual precipitation
from the Giveout SNOTEL site, along with the interaction
between treatment and year or precipitation. A least square
means (LS Means) analysis protocol was applied to the data
sets because of the imbalance of design (4 treated and 3 un-
treated plots, and no unburned data for one year; R Core
Team, 2021). The WY 2008-2010 erosion observations
were averaged for the three years and included as a single
year with the other annual observations in the erosion anal-
yses. A pairwise comparison was carried out on the
LS means values for all three dependent variables. A differ-
ence was considered significant at p < 0.05.

RESULTS
CLIMATE AT THE RED MOUNTAIN SITE

A “water year” (WY) is from October 1 of the previous
year to September 30 of the water year. Annual precipitation
totals for the Red Mountain Site and the nearby Giveout
SNOTEL sites are summarized in table 3 for WY 2004
through 2006 for the study site and 2004 through 2010 for
the Giveout SNOTEL site. The average annual precipitation
(rain and snow) for WY 2004 through 2006 was 506 mm for
the onsite rain gage when erosion risk from the prescribed
burn was greatest (table 3). The average precipitation for the
Giveout SNOTEL site for 20042010 was 509 mm. The cor-
relation coefficient between the Red Mountain and the Giv-
eout SNOTEL annual precipitation totals was 0.93. Distri-
butions of precipitation and average daily air temperatures
were typical for the climate (fig. 3), with summer highs be-
tween 20 and 25°C and winter lows around -20°C. The
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Table 3. Annual precipitation measured at the Red Mountain prescribed burn erosion study site and the Givout SNOTEL site; average annual plot
runoff from four burned plots for WY 2004-2010 and three unburned plots for WY 2005-2010 (standard error); and average annual erosion from
four burned plots (WY 2004-2007 and WY 2008-2010 average) and unburned plots (WY 2005-2007 and 20082010 average) (standard error).

Annual Precip (mm) Runoff (mm) Annual Erosion (kg ha™)

Water Year Red Mtn Giveout Burned Unburned Burned Unburned LS Means
2004 439.4 502.9 6.0 (14) 629 (47) 2l -l
2005 499.4 563.9 7.8 (14) 7.9 (16) 391 (47)b 219 (55) bf 305 (36)
2006 577.9 581.7 12.1 (14) 122.0 (16) 75 (47) ¢ 209 (55) be 142 (36)
2007 -- 4242 6.2 (14) 24.4 (16) 41 (47) ¢ 23 (55) ¢ 32 (36.2)
2008 - 459.7 4.1 (14) 5.7 (16)
2009 - 581.7 9.4 (14) 31.9(16)
2010 -- 452.1 1.8 (14 2.0 (16) 3047 ¢ 80 (55) ¢ 55 (36)

Average 505.6 509.5
LS Means 5.9(7.2) 33.8 (8.7) 233 (21) 133 (29)

o) Different letters indicate significant differences in annual erosion (p < 0.05).

bl __=No data.

[l The only significant difference among runoff observations was between 2006 unburned and 2010 burned plots.

greatest daily precipitation from 2004-2006 was 24 mm,
which was measured on 9 January 2005 and was likely snow
as the average temperature was -3.4°C and no runoff was
observed from any of the 7 plots on that day. The greatest
runoff (34 mm from unburned plot 15) that occurred from
any of the plots was on 12 April 2006 when there was no
precipitation. The greatest daily rainfall that resulted in
measurable runoff (0.4 mm from burned plots and 0.2 mm
from unburned plots) was 23 mm on 20 October 2004, which
followed likely snowfall on 18 October with 11 mm of pre-
cipitation and an average daily temperature of -0.1°C.

VEGETATION AND GROUND COVER

Following the prescribed burn, shrub and forb covers
were significantly less on burned plots compared with un-
burned plots, but grass cover was significantly greater
(P<0.001) on the burned plots, according to Page-Dumroese
et al., 2023 (table 2). Sagebrush was the dominant shrub in
unburned plots (figs. 2 and 4). Burned plots in this study had
been purposely sited where there were few live shrubs re-
maining after the burn (fig. 5), but by 2005 they were pri-
marily covered with grass (fig. 9). The unburned plots con-
tinued to support the original sagebrush-dominated plant
community, as shown in figure 4.

Groundcover was measured immediately following the
fire in October 2003 and in late summer from 2004 to 2010
on the burned runoff plots and nearby unburned sites (table 4)
(see Ground Cover subsection in Methods). Ash covered

Person standing by plot

/

Figure 9. Looking upslope toward burned plots in August 2005 from the
access track (fig. 1d), two years after the fire, when the height of grass
was more than 1 m. The height of the technician in the photo was ~1.6 m
on the Red Mountain prescribed burn study (photo by I. S. Miller).
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41% of the burned plots in 2003 but was zero in all subse-
quent years. The high ash cover resulted in only 24% bare
mineral soil exposure immediately following the burn.
In 2004, organic material (OM) covered 38% of the burned
ground surface, compared with 75% on unburned plots (ta-
ble 4). Conversely, bare mineral soil on burned plots aver-
aged 43%, compared with only 5% of bare soil on unburned
plots. On the unburned plots, the greatest component of
ground cover was surface OM, averaging 72% for the study.
The year after the fire (2004) was the only year when the bare
mineral soil exposure on the burned plots was significantly
greater than the unburned plots (p < 0.05) (table 4). There
were no significant differences in bare mineral soil among
years (p = 0.67), but there was a significant difference due to
treatment (p < 0.001) (table 4). There was also a significant
interaction between treatment and year (p < 0.001) because
bare soil on burned plots declined but increased on the un-
burned plots during the study (table 4). The year-to-year and
treatment differences in bare mineral soil exposure from
year 3 (2006) until the end of the study were not significant.

RUNOFF

The mean annual runoff depths for burned and unburned
plots are summarized in table 3. The analysis of variance on
the transformed annual runoff amounts showed that there
were differences due to year (p = 0.003) or annual precipita-
tion (p < 0.001), but not both, as the two factors were not
independent. There was also a significant difference due to
treatment (unburned vs. burned; p = 0.02). The interaction
between treatment and precipitation (p=0.99) or treatment
and year (p = 0.87) was not significant. When comparing
pairwise differences for each year and treatment, the only
significant difference was between the lowest annual runoff
(WY 2010 burned) and the highest annual runoff (WY 2006
unburned, table 3). The LS mean runoff depths were 6 mm
from the burned plots and 34 mm from the unburned plots.

Tipping bucket runoff rates (mm h™') for WY 2006 for all
burned and unburned plots are shown in figures 10a and 10b.
The magnitude of the peak runoff rate was more than
30 times greater on unburned plots compared with burned
plots on 9 April 2006 (note the difference in the scale of run-
off axes in fig. 10). The largest runoff event was due to
snowmelt following 10 days of average daily temperatures
above freezing and no measurable precipitation in the pre-
ceding 8 days. Smaller runoff events were associated with
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Table 4. Mean ground cover values for individual categories for all years and bare mineral soil exposure (%) immediately after burning and each
year after burning on burned and unburned plots on the Red Mountain prescribed fire site.

Bare soil®
Year Treatment Surface OM Branches Rock Ash Charcoal LS Means (SE)
2003° Post Burn 23 2 11 41 0 22 (4) abcdfg
2004 Burned 38 6 2 0 2 43 (4) abedfg
Unburned 75 16 4 0 0 5(5) efg
2005 Burned 61 2 3 0 0 34 (4) acfg
Unburned 82 8 2 0 0 8 (5)afg
2006 Burned 73 1 5 0 0 21 (4) acdfg
Unburned 75 11 5 0 0 10 (5) adfg
2007 Burned 67 7 0 0 0 26 (4) abedfg
Unburned 66 27 1 0 0 7 (5)adfg
2008 Burned 74 2 2 0 0 22 (4) abedfg
Unburned
2009 Burned 82 1 2 0 0 15 (4) acdefg
Unburned
2010 Burned 81 1 0 0 0 19 (4) abedfg
Unburned 62 11 2 0 0 26 (5) abedf
Average 2003-2010 Burned 62 3 3 5 0 25(2)
Unburned 72 14 3 0 0 11(2)

#2003 measurement was the post-burn ground cover in October; other annual measurements were made in August of each subsequent year.
® Different letters indicate significant differences in bare soil exposure (p < 0.05).

warm spells causing snowmelt or from rainfall in the winter,
late spring, or early autumn. Single tips (~0.02 mm h™') from
the tipping buckets were removed to simplify figure 10 but
were included in annual runoff amounts (table 3). The max-
imum peak runoff rate on the burned plots was 0.7 mm h'!
and exceeded 0.5 mm h™!' only 17 times total for the four plots
in the 7 years of recording. The maximum peak runoff on the
unburned plots was 9.95 mm h!' (fig. 10) and exceeded
0.5 mm h™' more than 200 times from the three plots during
the 6 years of recording. On average, the burned plots rec-
orded runoff for 182 hours each year, compared to the un-
burned plots, where runoff was recorded for 140 hours each
year.

One of the tipping bucket devices on a burned plot
(TB-11) recorded no runoff in WY 2009 and WY 2010, and
a second tipping bucket on the burned plots (TB-12) rec-
orded no runoff in WY 2010. Whether this was because the
devices failed or because there was no surface runoff from
those plots in those years is not clear, especially in 2010, the
year with the lowest observed runoff depths from all plots
(table 3).

Runoff amounts from the burned plots ranged from 0.4%
of precipitation in WY 2010 from both burned and unburned
plots to 2% of the precipitation in 2006 from the burned plots
and 21% of the precipitation from the unburned plots (ta-
ble 3). Overall, the runoff from the burned plots was 1.3% of
the precipitation, compared to the runoff accounting for
5.9% of the precipitation on the unburned plots. WY 2007
was the driest year during the study, with only 424 mm of
precipitation recorded at the Giveout SNOTEL site, but the
runoff from the unburned plots (24 mm) was greater (alt-
hough not significant) than in WY 2005, 2008, and 2010,
when the Giveout site recorded greater amounts of precipi-
tation (table 3).

Figure 10 shows that in 2006, the annual runoff was over-
whelmingly dominated by snowmelt events, with 90% of the
runoff occurring during the spring season. Table 5 shows
that the seasonal trend of increased runoff during the spring
occurred throughout the study, just not to the extent that was
observed in WY 2006. The seasonal runoff data were highly
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skewed with many zeros and could not be normalized, so an
analysis of variance was not possible. However, a pairwise
comparison of LS Means was carried out to identify differ-
ences within the analysis and found that runoff in the spring
from unburned plots was different from all other values ex-
cept the fall runoff from the unburned plots (p<0.05).

SoIL EROSION

Total erosion, including sediment removed from the gut-
ter, collected in the sediment trap, and estimated as lost with
runoff, is presented in table 3. The gutter collected 80% of
the sediment on the burned plots and 77% of the sediment on
the unburned plots. The estimated sediment lost as suspended
sediment was only 0.1% of the total measured sediment from
the burned plots and 0.05% from the unburned plots.

The least square mean annual erosion for 6 years was
133 kgha! y! from unburned plots and 233 kg ha'! y! from
burned plots (table 3). No samples were collected from the
plots during water years 2008 and 2009, so the total sample
for water year 2010 was the combined sample amount aver-
aged for the three water years from WY 2008 through 2010.
There was no significant difference in soil loss between the
burned and unburned plots (p = 0.44) and no significant in-
teraction between year and treatment (p = 0.23). However,
there were differences between years (p < 0.0001), with ero-
sion declining every year following the burn from 629 kg
ha! to 30 kg ha™! average in 2008-2010. A similar declina-
tion of erosion was observed following plot installation on
the unburned plots, from 219 kg ha™ to 23 kg ha! within
three years, but then increasing in the last three years (2008—
2010) to 80 kg ha™! (table 3).

DISCUSSION

This study was carried out to compare runoff and erosion
from natural rainfall and snowmelt following a prescribed
burn to unburned plots in a sagebrush-steppe ecosystem. The
hypotheses were that (1) surface runoff and soil erosion will
be greater from burned plots than from unburned plots, and
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runoff and the within treatment similarities.

Table 5. LS mean distribution of runoff by season for WY 2004-2010
in the Red Mountain prescribed burn erosion study.
LS Mean Plot Runoff and (s.e.) (mm)

Season Burned Unburned LS Means
Fall 1.1(5.2)a 2.1(9.2) ab 1.6 (5.3)
Winter 0.5(5.7)a 1.2(6.5)a 0.8 (4.3)
Spring 57(5.7)a 36.3(6.5)b 20.9 (4.3)
Summer 0.6(5.7)a 0.2(6.5)a 0.4 (4.3)
LS Means 2.0 (2.8) 9.9 (3.6)

[o) Different letters indicate significant differences in seasonal runoff depth
(p <0.05).

(2) in the subsequent years following a prescribed fire,
ground cover will increase and runoff and erosion on burned
plots will decrease to unburned levels. Both hypotheses can
be accepted, with the exception that the prescribed burn did
not significantly increase runoff.

67(6): 1481-1498

Three weaknesses in this study were the lack of preburn
data as the plots were not installed until after the burn, the
failure of the onsite rain gage in the fourth year, and the fail-
ure of our collaborators to collect post-burn vegetation data
beyond the first year. The failure of the onsite rain gage in
the fourth year (table 3) coupled with large standard devia-
tions in the observed runoff and erosion (table 3) limit the
conclusions that can be drawn from this study. However, be-
fore the rain gage failed, the spike in runoff from the un-
burned plots due to snowmelt (fig. 10) and the spike in ero-
sion the year following the wildfire on the burned plots and
associated with plot installation on the unburned plots (ta-
ble 3) stand out as significant despite the high variability
within the data set.

The precipitation observed onsite was less than that ob-
served at the Giveout SNOTEL site (table 3) for the three
years that the onsite rain gage was operating (WY 2004—
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2006). In those three years, the range of annual precipitation
for the SNOTEL site was 503—582 mm, and the 2007-2010
annual precipitation values for the SNOTEL site were all
within that range. This suggests that it was unlikely that there
were any major climate-driven events in those years. The ob-
served erosion rates in 2007-2010 were also relatively low
and of similar magnitude compared to the installation dis-
turbance and snowmelt driven higher rates in earlier years
(table 3). This suggests that the experimental errors associ-
ated with weather data were likely minimal.

The post-fire landscape is one with considerable variabil-
ity (Robichaud et al., 2007; Vega et al., 2020). Figure 5 un-
derscores such variability where the plots and the weather
station were both within burn unit 11, but the ground cover
varied from blackened by the fire with no vegetation remain-
ing where the plots were installed to still covered in shrubs
with a green canopy where the weather station was sited.
With only 3 plots for the unburned treatment and 4 plots for
the burned treatment, capturing such variability is difficult.
Even if additional plots were installed, the inherent variabil-
ity would still be present, and the likelihood of capturing
small differences due to treatment or burn severity is un-
likely. Vega et al. (2020) reported on an erosion study fol-
lowing a wildfire on a shrub-steppe ecosystem using silt
fences to measure soil erosion with 12 north-facing plots and
12 south-facing plots. Erosion rates in the first year of the
Vega study varied from 0 to 29 Mg ha™! the year following
the fire. Despite having 24 plots with two years of data, Vega
et al. (2020) were only able to show significant differences
in erosion associated with aspect in the first year, otherwise
no differences between years, and no difference in erosion
in the second year between aspects. The Vega et al. (2020)
results suggest that had a greater number of plots been in-
stalled in this study, the added inherent variability in such
studies would likely not have improved the ability to discern
significant differences due to treatment or time since the
burn.

The stated purpose of the prescribed burn was to increase
the diversity of the site by reducing the sagebrush canopy
from 27%-40% to a desired condition of 10%—-15% (John-
son, 2003). Both the Johnson (2003) and Page-Dumroese et
al. (2023) used a line transect method for measuring canopy
cover (BLM, 1999). Table 2 shows that the sagebrush can-
opy reported by Page-Dumroese et al. (2023) for the study
site was 40% preburn and reduced to 32% post burn. The
burned erosion plots in this study, however, were purposely
installed within Burn Unit 11 where there was no canopy re-
maining (fig. 5), whereas the burned area adjacent to the ero-
sion plots but still within the burn unit where the weather
station was established had retained much of the shrub cover
as evident in figure 5, more in keeping with the post burn
shrub canopy reported by Page-Dumroese et al. (2023) in ta-
ble 2. Such a variability in burn severity was the goal of the
burn plan where the objectives were that only 32% of the late
seral plant community would be altered to early seral, and
that where mountain big sagebrush canopy exceeded 20%,
70% of that canopy would be burned, leaving up to 30% un-
burned (Johnson, 2003). In other studies, the prescribed burn
reduced shrub canopy in the year following the fire
(Flerchinger et al., 2016; Fuhlendorfet al., 2011; Vega et al.,
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2020; Williams et al., 2020) and in subsequent years in some
studies (Beck et al., 2009, 2011; Flerchinger et al., 2016;
Fuhlendorf et al., 2011). Flerchinger et al. (2016) reported
that following a prescribed fire, sagebrush was slow to re-
cover compared to forbs, and that the burn did not reduce the
leaf area index of grasses. Vega et al. (2020) reported that
total canopy significantly increased the second year after
wildfire to more than 100% due to forb and grass regenera-
tion.

Bunting et al. (1987) reported that the fall burn before
perennial grasses had begun to sprout had minimal impact
on grass regrowth compared to shrubs and forbs, favoring
grasses in the first few seasons following the burn. A large
increase in grass regrowth was observed on the burned plots
in this study in the second year after the fire, and by the third
year after the burn, the burned plots were covered by
1-m high grass (fig. 9). Beck et al. (2009) reported a decrease
in grass cover the year following a prescribed burn in Wyo-
ming big sagebrush that is found on sites that tend to be drier
than this site (Dumroese et al., 2015). In a literature review,
Beck et al. (2011) reported that generally, grass cover was
not affected by or decreased following prescribed fire in
mountain big sagebrush communities. Fuhlendorf et al.
(2011) reported in a review of prescribed fire studies that
generally grass cover declined the year after the burn, but
grass response was mixed in subsequent years, with some
studies showing a decrease in grass, some showing no
change, and some showing an increase in grass cover.

Other recent studies related to the hydrologic impacts of
prescribed fire on soil erosion in sage-steppe ecosystems
have all had fall burns. Williams et al. (2020), observed veg-
etation recovery similar to this study. They reported in-
creased forb and grass covers following late summer pre-
scribed burns on sites in Onaqui, UT, and Marking Corral,
NV (fig. 1b) compared to the control plots, resulting in grass
cover increasing from 5%—6% preburn to 40%—63% 8 years
after the prescribed burn. Pierson et al. (2001) reported grass
cover increasing from 4% following a wildfire to 30% within
one year in their study near Denio, NV (fig. 1b). Pierson et
al. (2009), observed rapid grass regeneration with a grass
canopy not significantly different from unburned plots one
year after a late September 2002 prescribed burn on a stage-
steppe rangeland on the Reynolds Creek Watershed, ID
(fig. 1b). Flerchinger et al. (2016) reported that grasses and
forbs also dominated the plant community for more than
6 years following a September 2007 prescribed burn on the
sage-steppe ecosystem at Reynolds Creek, Idaho (fig. 1).
Rapid grass regrowth may have been due to reduced compe-
tition for water and nutrients from shrubs (Gustine et al.,
2021; Williams et al., 2016b). An increase in grass cover was
observed both in this study and on nearby plots by Page-
Dumroese et al. (2023) two and three years after the fire, but
neither study was focused on the details of vegetation recov-
ery, which was a weakness in both studies. Both Page-Dum-
roese et al. (2023) and this study show the importance of in-
cluding long-term, detailed plant community monitoring in
any future rangeland studies (Williams et al., 2020). The in-
crease in grasses and forbs on the burned plots likely resulted
in similar runoff and erosion from burned plots compared to
unburned in the final years (WY 2007-2010) of this study
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(table 3), similar to the findings reported in both the Wil-
liams et al. (2020) and the Pierson et al. (2001) simulated
rainfall studies in the Great Basin.

Bare soil was 22% following the prescribed burn, with
ash providing 41% ground cover and rock accounting for an-
other 11% (table 4). Bare soil increased to 43% the following
year due to the loss of ash cover from 41% to zero within a
year. Similar first year rates of ash decomposition have been
observed following wildfires on other rangeland and forest
studies (Vega et al., 2020; Neris et al., 2017). The reduction
in exposed rock cover from 11% to 2% for the burned plots
from 2003 to 2004 was likely due to the increase in organic
matter (23% to 38%) and branches (2% to 6%) killed by fire
and subsequently shed by the canopy to cover the surface
rock that fire had exposed in the previous year. Such canopy
shedding is similar to needle cast observed in forests follow-
ing low-severity fires (Pannkuk and Robichaud, 2003).
Within three years post-burn, bare soil on the burned plots
(34%) was not significantly different from unburned plots
(8%) (p < 0.05; table 4). Beck et al. (2009) reported 32.5%
bare ground on unburned plots compared to 36.5% on
burned plots in a Wyoming big sagebrush study, greater than
this study but likely reflecting the generally drier sites dom-
inated by Wyoming big sagebrush compared to mountain big
sagebrush (Dumroese et al., 2015). Ground cover of ~40%
(bare soil <60%) protects soil from low-return interval
storms (Pierson et al., 2008), which was the case on both the
burned and unburned plots throughout the study (table 4).
The low value for bare soil was likely due to the low severity
of the prescribed fire that the managers had hoped to achieve
(Johnson, 2003).

In 2006, there was increased animal disturbance observed
on unburned plots when measuring ground cover. Tracks
from elk (Cervus elaphus nelsoni), mule deer (Odocoileus
hemionus), domestic sheep (Ovis aries), and cattle (Bos tau-
rus) were observed on all plots, while no tracks had been
observed during study installation in 2003 and 2004. In-
creased animal traffic may have contributed to the reduced
ground cover on all the plots (Alshantiri, 2011). By the end
of the study, ground cover on the unburned plots was 74%,
compared to 95% at the start of the study (table 4). It is pos-
sible that the increase in grass cover that was observed fol-
lowing the prescribed burn (table 2) as well as anectodical
observations of a greater height of the grass canopy on the
burned plots compared to the unburned plots (figs. 9 and 4)
attracted the grazers to both the burned and unburned areas
surrounding the study site. Fuhlendorfet al. (2011) had listed
“to facilitate the distribution of grazing and browsing ani-
mals” as one of the purposes for prescribed burning.

Comparisons of the results of this study to rainfall simu-
lation studies provided some additional insights into post-
burn hydrologic processes. Pierson et al. (2003) rainfall sim-
ulation studies were on sandy loam soils following medium-
to high-severity wildfires on a sage-steppe landscape near
Boise, ID, and Denio, NV (fig. 1b), where infiltration rates
were 40-65 mm h! and were not greatly different between
burned and unburned plots. On an unburned site nearer the
Red Mountain study site, the Blackfoot, Idaho site in fig-
ure 1b, Franks et al. (1998) report an infiltration rate under a
rainfall simulator as 49 mm h-!, similar to Pierson et al.’s
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(2003) findings. The Red Mountain study site had finer tex-
tured soils with higher rock contents (table 1) compared to
the Pearson et al. (2003) sites, likely reducing the infiltration
rates (Huffman et al., 2013; Brakensiek and Rawls, 1994).
However, the finer textures on this study site and the gener-
ally low-severity burn likely decreased the possibility of wa-
ter repellency following the burn (Parsons et al., 2010; San-
dor et al., 2021). The precipitation intensities in this study
likely never exceeded the infiltration rates reported by
Pierson et al. (2003) or Franks et al. (1998). The highest run-
off rates occurred on 12 April 2006 as shown in figure 10,
when there was no precipitation measured. The below freez-
ing temperatures that started in November 2005 preceded the
12 April event (fig. 10) and allowed a snowpack to accumu-
late. That snowpack slowly melted starting 19 March 2006
with a few tips each day (1 tip = 0.02 mm runoff), increasing
to nearly 40 mm in one day from one of the unburned plots
on 12 April, and then decreasing slowly until 27 April. These
observations strongly suggest that snowmelt, coupled with
saturated soil conditions, dominated spring runoff in 2006.
The greatest daily precipitation that resulted in runoff ob-
served in the first three years of his study was on 20 October
2004, when 23 mm of rainfall was measured with a duration
of more than 16 hours and an intensity well below the likely
infiltration rates reported by Pierson et al. (2003) and Franks
et al. (1998). This storm generated only 0.4 mm runoff span-
ning a 22-23 h runoff duration from the burned plots and
only 0.2 mm during a 16-22 h duration from the unburned
plots. As with the March 2006 event, the weather records
show that in the 5 days before the event, 19 mm precipitation
was measured on site with temperatures around freezing, so
it was likely there was some snow accumulation just before
the event as well as several days of infiltration preceding the
event. This suggests that, as with the April 2006 event, the
October 2004 runoff event was likely due to saturation ex-
cess runoff associated with a large rainfall event that was
likely supplemented with snowmelt.

Table 3 showed that runoff did not vary with year for the
burned treatment but did on the unburned plots, which re-
sulted in a significant interaction between year and treatment
in the statistical analysis. The largest runoff rates occurred
in April 2006 from unburned plots (figs. 4 and 10b), but the
higher rates were not observed on the burned plots (figs. 9
and 10a). These greater runoff rates from the unburned plots
likely contributed to the higher erosion rates observed from
the unburned plots compared to the burned plots that year
(table 3). When comparing WY 2005 and 2007 on the un-
burned plots, the runoff in WY 2005 was 9 mm from
564 mm of precipitation compared to WY 2007, when
25 mm of runoff was measured from only 424 mm of pre-
cipitation at the Giveout SNOTEL site. This suggests that
the timing of precipitation may be as important as the depth
at this site. As summarized in table 5, the main runoff events
occur in the spring, with the largest daily runoff in 2005 of
6.2 mm on 13 April (Giveout precipitation = 0.0; maximum
temperature = 13.3°C), but much larger runoff events in
2007 with daily runoff depths of 5-10 mm on 12—18 April
(total precipitation = 5 mm; maximum temperature = 5.2—
14.8°C). These data tend to confirm that the distribution of
precipitation and timing of snowmelt events dominate the
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hydrology of this site, while total precipitation is less im-
portant. One factor contributing to higher runoff rates from
the unburned plots may have been sagebrush canopy cover,
reducing earlier-season snowmelt rates from solar radiation
(Sicart et al., 2004). The grass canopy on the burned plots
likely flattened in the winter, resulting in increased low in-
tensity solar radiation-driven snowmelt and runoff for sev-
eral days preceding the big runoff event in mid-April
(fig. 10a), when any melted snow would be readily infil-
trated. Such radiation-driven snowmelt may have been less
likely on the unburned plots because of canopy shading (fig.
10b). With less snowpack remaining on the burned plots be-
fore the large snowmelt event in mid-April, the observed
peak runoff rate was less on the burned plots (fig. 10a) than
on the unburned plots (fig. 10b). It is also possible that the
sagebrush canopy captured and retained more blowing snow
than adjacent burned plots. Sturgis (1977) reported that non-
disturbed sagebrush plots collected more snow than plots
where herbicide was used to reduce canopy. If there was
more snow on the ground in the unburned plots when-tem-
peratures rose above 0°C on 12 April (fig. 10), then greater
snowmelt and runoff likely occurred compared to the burned
plots (figs. 10a and 10b). Sturgis (1977) also reported that
once snow melted sufficiently to expose the sagebrush can-
opy, melt rates could increase from about 20 mm h! to 60 to
70 mm h™! as the canopy was able to absorb shortwave radi-
ation and reradiate longwave radiation, thereby increasing
snowmelt rates (Sicart et al., 2004). The Sturgis (1977) melt
rates would support runoff rates of up to 10 mm h’!
(fig. 10b). Luce (2000) reported that when modeling snow-
melt in a sage-steppe watershed in Reynolds Creek, ID
(fig. 1b), it was necessary to increase snow albedo to in-
crease the snowmelt rate to match observed melt rates of
0.4 mm™! or less. The melt rates reported by Luce (2000)
were lower than those reported by Sturgis (1977) or ob-
served in April 2006 in this study, but more typical of runoff
rates observed in other years. This sequence of snow accu-
mulation followed by a high snowmelt rate did not occur in
other years but likely contributed to the elevated runoff rates
observed in 2007 and 2009 on the unburned plots (table 3).
Even though the annual precipitation was less in 2007, the
runoff rates from unburned plots were still greater than in
2005, 2008, and 2010, but not significantly different from
burned plots (p < 0.05) (table 3). Vega et al. (2020) observed
that snow accumulation tended to be greater in plots located
in swales than on ridge tops, as did Luce (2000). Such an
accumulation of snow on the lower-elevation unburned plots
in this study may have also contributed to greater runoff and
erosion from the control plots in 2006 as well as in the other
years, but to a lesser extent.

The only significant difference in annual runoff depths
was between WY 2006 from the unburned plots and WY
2010 from the burned plots (table 3). A detailed look at the
onsite weather records showed that between 1 October 2005
and 10 April 10, 2006, 445 mm of precipitation were rec-
orded. For that same time in WY 2010 (1 October 2009—
10 April 2010), the Giveout SNOTEL station recorded a cu-
mulative precipitation depth of only 267 mm. The average
temperature from 1 April-10 April 2006 was 0.4°C, com-
pared to the average temperature for 1 April — 10 April 2010,
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which was -2.3°C. It is likely the combination of more win-
ter precipitation and warmer temperatures in April 2006 re-
sulted in a deeper snowpack and greater runoff (122 mm)
that year compared to the drier winter and colder April 2010
temperatures with lower snowmelt rates and a lower annual
runoff of only 2 mm.

A confounding factor in the differences in runoff between
the unburned and burned plots may have been the differ-
ences in soil (table 1). The unburned plot soils had more clay
(30% vs. 16% on the burned), less sand (12% on the un-
burned plots vs. 35% on the burned plots), and more rock
(61% unburned vs. 9% on the burned), properties that may
have resulted in increased runoff from the unburned plots
compared to the burned plots, especially 3 or 4 years after
the burned plots had recovered (table 3; Brakensiek and
Rawls, 1994; Huffman et al., 2013). Interestingly, Pierson et
al. (2001) reported that, like this study, the burned plots fol-
lowing wildfire also had higher sand contents (83%) than
unburned plots (68%). In this study, the unburned plots were
within the proposed burn zone (Johnson, 2003), but the fire
never reached the plots (fig. 1d). This suggests that areas
with higher clay content soils may have vegetation with a
higher water content and be less likely to carry a prescribed
or wildfire. Another factor that may have contributed to ele-
vated runoff and erosion from the unburned plots was slope
steepness (Huffman et al., 2013). The average steepness of
the burned plots was 26%, compared to 31% on the un-
burned plots. Steeper slopes are associated with less surface
depression storage before runoff is initiated and tend to have
higher erosion rates. The unburned plots were located lower
on the landscape (fig. 1d), so there was also a possibility that
shallow groundwater flow from further upslope may have
increased the soil water content in the unburned plots, in-
creasing surface runoff (tables 3 and 5; Boll et al., 2015),
or even subsurface flow being forced to the surface during
the spring period of soil saturation, increasing surface runoff
from the unburned plots (Boll et al., 2015). The unburned
soil, however, was deeper and steeper, increasing its ability
to transfer upslope subsurface flow down the hill. More de-
tailed studies incorporating multiple rain gages, winter snow
depth monitoring, and soil water content probes are neces-
sary to better understand these complex interactions among
burn severity, surface vegetation, slope steepness, landscape
features, soil properties, snow distribution, and snowmelt
rates.

There was a consistent difference in seasonal runoff rates
(table 5). These seasonal differences confirm that the great-
est runoff depths occur in the spring from snowmelt and
spring rainfall when soils are saturated and unlikely to be
water repellant. Soils with low water content in the late sum-
mer and fall were more likely to be water repellant (Pierson
et al., 2008). Although not statistically significant, summer
runoff was greater from the burned plots than the unburned
plots (table 5). This may reflect the higher evapotranspira-
tion rates from the unburned plots, leading to drier soil con-
ditions on the unburned plots and therefore decreasing the
likelihood of saturation excess runoff (Srivastava et al.,
2018), but more likely the reduced runoff from the unburned
plots was because of the greater canopy cover (table 2) and
ground cover (table 4) on the unburned plots the first two
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years following the burn. Nearing et al. (2011) stated that
even though saturated hydraulic conductivity decreases as
clay content increases, it also increases with increases in
both ground cover (table 4) and canopy cover (table 2).

The reason for the failure of tipping buckets to record run-
off from one of the burned plots in 2009 and from two of the
burned plots in 2010 is not clear. It is possible that the tip-
ping buckets failed, although no damage was reported when
the devices were removed in 2010. It is also possible that
there was no runoff measured from these plots because there
was no surface runoff in those years. Some of the burned
plots may have had only subsurface lateral low with their
coarser textured soils (table 1). When the plots were serviced
in August or September of each year, the sediment basins
were filled with water. Sufficient water in the basin may
have evaporated during the year so that some runoff would
be stored in the sediment basin rather than overflowing onto
the tipping bucket. Evaporation would be low, but low run-
off rates observed overall in 2010 (table 3) suggest evapora-
tion could have been a factor.

The observed erosion rate in this study the year following
the burn was 629 kg ha'! (table 3). This value can be com-
pared to Vega et al. (2020) following a wildfire in a similar
ecosystem near Reynold’s Creek (fig. 1b) on a south-facing
slope, who reported 993 kg ha™! from 10-13-m long plots
with 25%—45% gradients. The higher erosion rates in the
Vega et al. study likely reflected the higher severity burn as-
sociated with wildfires and generally longer and steeper
plots.

Since the 1980s, rainfall simulation has been the tool of
choice to estimate soil erodibility (Al-Hamdan et al., 2015;
Elliot and Flanagan, 2023; Franks et al., 1998; Nearing et al.,
2011). Although not directly comparable, rainfall simulation
studies may give additional insight into the findings of this
study. Rangeland studies have shown that plant communities
can play a role in soil erodibility (Al-Hamden et al., 2015;
Elliot, 2004), so six rainfall simulation studies were selected
for comparison to this study that were carried out in sage-
steppe ecosystems in the Great Basin on 12%-40% slopes
(fig. 1b; table 6). All six studies published an erosion:runoff
ratio (kg ha' mm'), and those ratios were compared to the
same ratio calculated for this study (table 6). The rainfall
simulation rate was greater than 60 mm h'! for all the

simulation studies, compared to a maximum daily rainfall of
24 mm for this study. Table 6 shows that the erosion:rainfall
ratio was similar for the Franks et al. (1998), the Pierson et
al. (2002, 2003) studies and this study for the unburned or
recovered conditions (ratio ~ 1-5 kg ha! mm'). Moffet et
al. (2007) observed concentrated flow occurring on their
6.5-m long plots from the high intensity rainfall on 40%
slopes, likely leading to the elevated ratio of 33 kg ha'! mm!,
whereas there was no obvious rill incision observed on the
plots in this study nor on the other small simulation plots
shown in table 6. The erosion:runoff ratios for burned plots
from the Pierson et al. (2002, 2003) studies were lower than
the Moffet et al. (2007) study in table 6. One reason for the
lower rates in the Pierson et al. (2002, 2003) studies may be
that sediment was limited on the smaller plots and the ero-
sion rate declined with time. Figure 11 from Moffet et al.
(2007) shows declines in sediment concentration with time,
as frequently observed on small rainfall simulation plots on
the other rangeland simulation studies (table 6), forest roads
(Foltz et al., 2009), and in post-wildfire forests (Robichaud
et al., 2016). The lower intensity of precipitation and runoff
in this study and the larger plots with a greater source area
for sediment suggest that sediment limitation likely did not
influence the observed erosion rates in this study. However,
the high erosion rate observed from the unburned plots the
year following installation may have been due to the removal
of sediment loosened by plot installation (27 kg ha! mm'! in
2004), followed by a decline to less than 1 kg ha! mm™ in
2007, a longer-term decline compared to the rapid decline in
sediment under rainfall simulation in figure 11. The de-
creases in erosion rates on the burned plots were likely asso-
ciated with recovery from plot installation, increases in
ground cover (table 4), and natural armoring as fine particles
loosened by the fire (Mataix-Solera et al., 2011) were re-
moved, leaving coarser, less erodible particles and aggre-
gates on the soil surface (Willgoose and Sharmeen, 2006).
The two Williams et al. (2016b, 2020) rainfall simulation
studies in table 6 were carried out on sites where evergreen
trees were encroaching on sagebrush plant communities.
Williams et al. (2016b, 2020) carried out rainfall simulation
studies a year after a low to moderate autumn prescribed
burn with plots on burned and nearby unburned sites. They
installed 0.7 x 0.7 m plots on areas that were underneath

Table 6. Erosion:Runoff ratios for the Red Mountain burn erosion study (table 3) compared to rainfall simulation studies on sage-steppe
ecosystems elsewhere in the Great Basin. Locations of all sites are shown in figure 1b.

Plot Length (m) Erosion:Runoff Ratio kg ha”' mm’!
and Unburned/ Low High
Reference Slope (%) Texture Recovered Severity Severity
This study (2004) 10m, 26% 88.7
This study (2004) 10 m, 30% Silt loam 27
This study (2007) 10 m, 30% & 26% 0.9/5.1
Franks et al. (1998); Blackfoot, ID 10.1 m, 12% Silt Loam 6.0-7.1
Pierson et al. (2002); Boise, ID 1 m, 40% Sandy loam 0.9-1.2 35-3.8
Pierson et al. (2003); Denio, NV 1 m, 40% Sandy loam 5.1-6.4 8.7-13.6
Moffet et al. (2007); Reynold’s Creek, ID 6.5 m, 40% Sandy loam 333 644.
Williams et al. (2016b);
Marking Corral, Nevada 0.7 m, 12% Sandy loam 7-710 11-211
Onaqui, Utah 47-55 71-104"
Williams et al. (2020);
Marking Corral, Nevada 0.7 m, 18% Sandy loam 8-10/8-230
Onaqui, Utah 5674 / 41-81"
(8 Coppice
1 Interspace
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Figure 11. Mean erosion rates during 60-min simulated rainfalls on
burned and non-burned plots (n = 8). Three non-burned plots yielded
little runoff or sediment, and the mean sediment yield response for the

field plots that did generate runoff is also shown (n = 5). Note that the
units on erosion rate are in Mg ha™' h'. From Moffet et al., 2007.

unburned and burned trees and sage brush and bare areas be-
tween plants, identifying those locations as individual “tree
and shrub coppices” or “interspaces.” The values shown for
Williams et al. (2016b, 2020) cover the range of combined
observations for coppices and interspaces for each treatment.
Observations from the interspace tended to have higher ra-
tios, but there were seldom significant differences in the ratio
among the locations in those studies. The ratios reported by
Williams et al. (2016b) following the low severity burn were
similar to the ratios observed in this study, as were the ratios
for the unburned plots on the Marking Corral site in Wil-
liams et al. (2020). The variability in ratios for the Williams
et al. (2016b, 2020) sites is due to location and coppice vs.
interspace, showing the complexity of rangeland sites, sug-
gesting that not only is variable area hydrology influencing
runoff, but spatial variability is likely influencing erosion
rates (Robichaud et al., 2007). The greater ratios in the Mof-
fett et al. (2007) study (33—-664 kg ha' mm™) were likely due
to the long plots in that study compared to the other steep
site simulation studies, or the steeper plots compared to the
Franks et al. (1998) study. One implication of figure 11 is
that rainfall simulation studies may overpredict soil erodibil-
ity on rangelands because the plots are disturbed during in-
stallation, particularly on small plots were the fraction of the
plot that is disturbed is relatively high.

When Nearing et al. (2011) developed the Rangeland Hy-
drology Erosion model (RHEM) from rainfall simulation
data, including the Franks et al. (1998) data set, they con-
cluded that rill erosion was not common on rangeland wa-
tersheds. However, when Al-Hamdan et al. (2017) reevalu-
ated RHEM using more recent rainfall and runoff simulation
data from steeper slopes, they determined that rill erosion
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was possible and presented an equation to estimate the prob-
ability of rill erosion that included terms for slope steepness,
fraction of bare ground, and flow discharge. Al-Hamdan et
al. (2017) stated that simulated runoff was routed along tor-
tuous flow paths between shrub coppices, detaching and
transporting more sediment than would have been generated
by rainfall alone. In this study, the greatest observed runoff
events tended to occur in the spring (table 5), associated with
snowmelt only for some of the events (fig. 10), supporting
Al-Hamdan et al.’s (2015) findings that concentrated flow
was the main detachment mechanism on these plots, espe-
cially during runoff events when there was little to no rain-
fall.

One unexpected outcome of the Page-Dumroese et al.
(2023) complementary study was that higher levels of ter-
mite activity were observed on the burned plots compared to
the unburned plots. Termites were not anticipated at this lat-
itude and elevation. Higher incidences of termite activity,
potentially decreasing ground cover (Mando and Brussaard,
1999), and soil bulk density (Li and Su, 2008) may have con-
tributed to greater infiltration rates and reduced runoff and
erosion from the burned plots in the later years (WY 2008—
2010) of the study (table 3) (Elkins et al., 1986; Mando et
al., 1996).

The inclusion of the USLE R and K Factors in the site
description was to aid readers in understanding the nature of
the climatic and soil properties of this site. Their inclusion
was not intended to suggest that the USLE/RUSLE tools
were suitable for this ecosystem. The R Factor describes the
ability of rainfall to detach and transport soil (Huffman et al.,
2013), whereas this study clearly showed that runoff and
sediment delivery were associated with snowmelt (table 5).
The K Factor estimate (table 1) was based on regression re-
lationships developed from tilled fallow cropland soils
(Huffman et al., 2013), and applying those relationships to
untilled rocky rangeland soils would be unwise. An implica-
tion of this study was that erosion models developed for this
ecosystem need to incorporate winter processes, such as
snow accumulation, redistribution, and melt. Current erosion
models based on the Universal Soil Loss Equation (USLE),
models that link a rainfall-runoff model to the USLE, such
as SWAT (Arnold et al., 1998) and AGNPS (Young et al.,
1989), and the runoff-based RHEM model (Nearing et al.,
2011), do not have this capability. The only widely used ero-
sion model that does attempt to incorporate snowmelt is the
Water Erosion Prediction Project (WEPP) model (Srivastava
et al., 2017), but it has not been evaluated for winter pro-
cesses in sage-steppe ecosystems, and evaluation of snow
distribution is limited (Shen, 2011).

CONCLUSIONS

A 6-year study evaluated the hydrologic impacts of pre-
scribed fire on a sagebrush-steppe rangeland site in south-
eastern Idaho. The prescribed fire was intended to improve
diversity on sage-steppe rangelands. The study found that
the high erosion rates immediately following prescribed
burning (629 kg ha™') were offset by lower erosion rates in
subsequent years (< 100 kg ha™'), likely associated with
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slower snowmelt rates, increased grass canopy and ground
cover, differences in soil properties, and increased termite
activity on burned sites. Erosion on the unburned plots was
219 kg ha™! the first year, likely influenced by plot disturb-
ance associated with plot installation, and decreased to 23 kg
ha in the third year following plot installation. Runoff rates
up to 10 mm h*! were measured from the unburned plots one
spring compared to less than 0.5 mm h! from the burned
plots during that same event, likely associated with winter
snow accumulation in the unburned shrub canopy followed
by high spring snowmelt rates. By the third year following
the prescribed fire, there were no significant differences in
runoff (~10 mm y™) or erosion (~30 kg ha™' y!) between the
burned and the unburned plots. This study showed the com-
plex interactions among such diverse factors as spatial vari-
ability of soil properties, ground cover, vegetation regenera-
tion rate and species, snow accumulation and melt, wildlife
grazing, and even insects on the impacts of prescribed fire
on rangeland erosion. The six-year duration of the study un-
derscored the importance of monitoring post-fire hydrologic
response for at least three years. The within-treatment varia-
bility among the plots was typical of post-fire studies and
emphasizes the importance of a replicated experimental de-
sign, even though such replication is often limited by avail-
able personnel and financial constraints. Replication of rain
gauges, however, is a relatively low-cost addition that would
likely improve any remote study where close monitoring of
weather data loggers is not possible. Unsuccessful attempts
to publish this study combined with another from the same
site as a single, more complex ecosystem analysis suggest
that even though the scientific community often promotes
the benefits of multidisciplinary research, reviewers often
prefer papers of limited scope within their area of expertise.
Future multidisciplinary rangeland ecosystem studies can be
improved by regular monitoring of the diversity and density
of recovering vegetation for several years following the pre-
scribed fire in concert with other ecosystem attributes to bet-
ter understand vegetation, soil water dynamics, and other
factors that may be impacting snowmelt processes, runoff,
and erosion. This study suggests that erosion models for this
ecosystem will need to incorporate snow accumulation, re-
distribution, and melt. The results of this study, including the
archived data, may be useful for developing, validating, or
enhancing rangeland hydrologic and erosion models.
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