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The predominance of post-wildfire erosion in the long-term
denudation of the Valles Caldera, New Mexico
Caitlin A. Orem1 and Jon D. Pelletier1

1Department of Geosciences, University of Arizona, Tucson, Arizona, USA

Abstract Wildfires can dramatically increase erosion rates over time scales on the order of several years,
yet few data firmly constrain the relative importance of post-wildfire erosion in the long-term denudation
of landscapes. We tested the hypothesis that wildfire-affected erosion is responsible for a large majority
of long-term denudation in the uplands of the Valles Caldera, New Mexico, by quantifying erosion rates
in wildfire-affected and non-wildfire-affected watersheds over short (~100–101 years) time scales using
suspended sediment loads, multitemporal terrestrial laser scanning, and airborne laser scanning and over
long (~103–106 years) time scales using 10Be inventories and incision into a dated paleosurface. We found
that following the Las Conchas fire in 2011, mean watershed-averaged erosion rates were more than
1000μmyr�1, i.e., ~103–105 times higher than nearby unburned watersheds of similar area, relief, and
lithology. Long-term denudation rates are on the order of 10–100μmyr�1. Combining data for wildfire-affected
and non-wildfire-affected erosion rates into a long-term denudation rate budget, we found that wildfire-affected
erosion is responsible for at least 90% of denudation over geologic time scales in our study area despite the fact
that such conditions occur only at a small fraction of the time. Monte Carlo analyses demonstrate that this
conclusion is robust with respect to uncertainties in the rates and time scales used in the calculations.

1. Introduction

The loss of vegetation cover and changes to soil characteristics associated with wildfires triggers an increase
in erosion rates following high-severity wildfires [e.g., Fowler, 1979; Swanson, 1981; Wagenbrenner and
Robichaud, 2014]. Many factors control the magnitude and duration of the increase in erosion rate above
non-wildfire-affected conditions, including the extent and severity of wildfire (which, in turn, controls the
degree of vegetation loss and the change of soil characteristics, the timing and magnitude of post-wildfire
runoff events, the steepness of the landscape, and the time scale of recovery of vegetative cover after
wildfires). Studies of fire-related alluvial fan sedimentation records suggest that wildfire-affected erosion
may, in some locations, be responsible for the majority of denudation over Holocene time scales [e.g.,
Pierce et al., 2004] despite the fact that wildfire-affected erosion occurs only a small fraction of the time,
e.g., on the order of a few years following high-severity wildfires that may occur once every few centuries.

Alluvial fan sedimentation records may overestimate or underestimate the relative importance of wildfire,
however. As Meyer et al. [1995] noted, “The actual percentage of alluvial fan sediment produced because
of fire may be greater, because most streamflow and hyperconcentrated-flow deposits retain no diagnostic
evidence of origin in burned basins, and subsequent dilute flood flows may rework fire-related debris
flow sediments. Conversely, sampling may have been somewhat biased toward a greater proportion of
fire-related sediments, as data were often collected at exposures where such deposits were least ambiguous
for dating purposes.” Similarly, Fitch and Meyer [2013] pointed out that an increase in wildfire-affected erosion
can lead to a decrease in wildfire-affected sedimentation on alluvial fans if the increase in erosion leads to fan
incision and bypassing of sediment to incised channels farther downstream.

Here we take an alternative approach to quantifying the relative importance of wildfire-affected erosion over
geologic time scales that is based on independent measurements of long-term denudation rates, short-term
erosion rates under wildfire-affected and non-wildfire-affected conditions, and the recovery time over which
erosion rates return to non-wildfire-affected levels. Our analysis predicts the recurrence interval (RI) required
to close the denudation rate budget, i.e., the recurrence interval required for the cumulative impact of
wildfire-affected and non-wildfire-affected erosion to match the measured long-term denudation rate. The
RI value required to close the denudation rate budget is then compared to independent constraints obtained
from proxies for high-severity wildfires. As the frequency of large, high-severity wildfires increases in the
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western U.S. [Westerling et al., 2006; Miller et al., 2009; Williams et al., 2013], it is crucial that the geomorphic
effects of wildfire be quantified on both the short-term, human, and geologic time scales.

The relative importance of frequent, small versus rare, large erosional events in driving the long-term
denudation of landscapes is still a fundamental question in geomorphology [Wolman and Gerson, 1978].
To address this question, Kirchner et al. [2001] quantified sediment yields over time scales of ~101 years by
analyzing suspended sediment loads, ~103–104 years using 10Be inventories, and ~106 years using apatite
fission track in mountainous, conifer-forested areas of central Idaho. These authors found that erosion rates
over short time scales (~101 years) were significantly lower than long-term rates. Kirchner et al. [2001]
suggested that the short-term rates did not usually incorporate the rare, large erosional events that are
responsible for the majority of denudation over geologic time scales (i.e., >103 years). Kirchner et al. [2001]
associated these geomorphically most effective events with intense rainstorms but also suggested that they
could be associated with disturbance events, principally wildfires, which alter land cover and soil hydrologic
conductivity. Subsequent post-wildfire erosion studies in central Idaho proposed that episodic post-wildfire
debris flows could explain the difference between high, long-term and relatively low, short-term erosion rates
[Meyer et al., 2001].

All of the erosion rate data we present are based on the volume of sediment leaving a watershed of a given
contributing area per unit time. As such, they are watershed-averaged erosion rates. Erosion may be localized
within the watersheds; the reporting of an average rate does not imply uniformity of erosion rates within the
watershed. We use the term denudation rate to refer to the long-term wearing away of the landscape
that results from the cumulative effects of short-term erosional processes that export sediment from the
1.3–13 km2 watersheds we studied. Erosion rates we present are the mean physical erosion rates for a given
watershed. Chemical erosion rates are also calculated and were used to adjust the measured total erosion
rate for the effects of chemical erosion and to demonstrate that the vast majority of total erosion occurs
by physical processes, i.e., sediment transport, in the study area.

2. Study Area

The Valles Caldera formed circa 1.25Ma in north central NewMexico as part of the Jemez Mountains volcanic
field [Goff et al., 2006a]. The caldera includes Redondo Mountain, a resurgent dome composed predomi-
nantly of the Tshirge member of the Bandelier tuff and several smaller rhyolitic domes that erupted along
the caldera ring fracture between circa 1.2Ma and 0.5Ma [Goff et al., 2006a, 2006b; Phillips et al., 2007].
More recent eruptions occurred along the southern portion of the ring fracture between 60 and 37 ka
[Toyoda et al., 1995; Goff et al., 2006a]. Elevation above sea level in the Valles Caldera varies from approxi-
mately 2500m in the lowest meadows to 3430m at the summit of Redondo Mountain.

Our study watersheds are of similar contributing area, geology, and relief and are located on two resurgent
domes (Redondo Mountain and Cerro del Medio) dated to approximately 1.24 and 1.22Ma, respectively
[Phillips et al., 2007] (Figure 1). Average slopes in the two watersheds on Cerro del Medio are 14.7° and
16.1°, respectively, while average slopes for the watersheds on Redondo Mountain range from 13.3° to 20.1°.

The modern climate in the Valles Caldera is subhumid continental. Approximately half of the annual precipi-
tation falls during convective monsoonal storms during the summer months and the other half falls as snow
in the winter [Muldavin and Tonne, 2003]. The largest historical stream discharges are recorded during periods
of snowmelt in April and May. Average daily high temperatures vary from approximately 27°C in the summer
to 4°C in the winter at nearby Los Alamos, NM [Muldavin and Tonne, 2003] (2231mabove sea level (asl)).
Average annual precipitation is approximately 46.7 cm at nearby Los Alamos, but it is estimated that this
value increases to approximately 90 cm at the rim of the Valles Caldera [Muldavin and Tonne, 2003].

The modern vegetation of the Valles Caldera varies with elevation. Grasslands at the lowest elevations are
composed of sedges, grasses, and forbs [Muldavin and Tonne, 2003]. Forest types include spruce and fir at
the highest elevations, mixed-conifer forest and woodlands at intermediate elevations, and ponderosa pine
forests at lower elevations [Muldavin and Tonne, 2003]. The soils within the Valles Caldera range from
Andisols, Alfisols, and Inceptisols of variable thickness in the uplands to deep Mollisols in the valleys
[Muldavin and Tonne, 2003]. The texture of the upland soils is predominantly coarse sandy loam [U.S.
Department of Agriculture, 2008].
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Sediment cores from the Chihuahueños and Alamo bogs of the Jemez Mountains provide a record of the
climatic and vegetation shifts from approximately 15,000 cal years B.P. to the midtwentieth century in the
study area [Anderson et al., 2008]. During the late glacial period, the record indicates that tundra or steppe
vegetation was present. Remains of tree species are prevalent in the bog beginning at 14,000 cal years B.P.,
coincident with warming during the Pleistocene-to-Holocene transition. Only minor shifts in tree species
composition were recorded in the bog records during the Holocene, indicating that a mixed-conifer forest
was dominant over this time interval. The driest period in the Holocene occurred from 8500 to 6400 cal years
B.P. Higher charcoal input rates were recorded after 6400 cal years B.P., suggesting higher biomass produc-
tion rates from 6400 cal years B.P. to the present compared to the earlier dry interval.

In the summer of 2011 the Las Conchas fire burned approximately 630 km2 of the eastern portion of the
Valles Caldera and the adjacent Parajito Plateau. This study focuses only on the portion of the burned area
within the caldera (approximately 150 km2) where we have paired burned and unburned watersheds of
similar area, relief, and lithology. Following the Las Conchas fire, storms of moderate intensity and duration
triggered large debris-laden flows in the two wildfire-affected watersheds we monitored (D1 and D2,
Figure 1). The largest rainstorm occurred on 3 August 2011, during which rain gages and Next Generation
Radar recorded a storm with a maximum 1h intensity of 33mm (equivalent to a 5 years recurrence interval

Figure 1. (a) Map of the Valles Caldera, NM, with sample locations (black circles) and study watersheds (red outline) shown.
All study watersheds are shown: History Grove (HG), La Jara (LJ), Upper Jaramillo (UJ), Upper Redondo (UR), Lower Redondo
(LR), Debris 1 (D1), and Debris 2 (D2). (b) Map showing the location of the Valles Caldera. (c) Aerial photograph of the
post-wildfire deposits on the two piedmont surfaces located below the D1 and D2 watersheds (coverage area of Figure 1c
shown as dashed rectangle in Figure 1a).
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event) over the two wildfire-affected watersheds [Orem and Pelletier, 2015]. Field observations indicate that
sediment entrained into these debris-laden flows was sourced from both hillslope (rilling, gullying, and
evidence for sediment transport by overland flow were observed) and hollow and valley bottom (gullying)
locations within the watersheds. Orem and Pelletier [2015] monitored the sediment delivery from D1 and
D2 to their adjacent piedmonts using multitemporal lidar and found that each subsequent rainstorm depos-
ited less sediment volume than the previous event over a 2 year period.

A key assumption of our analysis is that long-runout debris-laden flows (i.e., debris-laden flows that export
sediment from watersheds greater than or equal to ~1 km2 in area) are rare in the absence of wildfire in
the study area. This assumption provides a basis for using suspended sediment loads from floods as a mea-
sure of erosion rates in non-wildfire-affected watersheds. Two lines of evidence support this assumption.
First, there are no modern examples of debris-laden flow deposits on piedmonts within the Valles Caldera
in the absence of wildfire. We examined Google Earth imagery from 2010 in addition to aerial photos
acquired by the U.S. Soil Conservation Service in 1935 (obtained from http://rgis.unm.edu/getdata/) for all
of the depositional piedmonts of the Valles Caldera and found no visible debris-laden flow deposits on pied-
monts. Such cases would have been visually apparent had they exceeded ~1000m2 in area since the pied-
monts of the Valles Caldera are uniformly grass covered and unchannelized except for the recent deposits
associated with the Las Conchas (2011) and Thompson Ridge (2013) fires, which stand out in aerial imagery
due to the contrast in color and texture between grass and debris-laden flow deposits. Second, where
bulking-type debris flows have been documented in undisturbed areas of the western U.S., they tend to
occur in areas that are steeper and/or have more bare ground than our study area. As Costa [1984] noted,
“prerequisite conditions for most debris flows include an abundant source of unconsolidated fine-grained
rock and soil debris, steep slopes, a large but intermittent source of moisture, and sparse vegetation.”
Vegetation in the Valles Caldera uniformly covers hillslopes in the absence of wildfire, i.e., areas mapped as
sparsely vegetated are limited to 0.18% of the area, not including the felsenmeer rock fields on the north
and west sides of Redondo Mountain (1.03% of the study area) that are limited to the upper segments of
hillslopes [Muldavin et al., 2006]. In their study of over 900 debris flows in burned and unburned watersheds
of the western U.S., Canada, and Italy, Santi and Morandi [2013] found median gradients of channels that
transported debris flows to be in the range of 28% to 90%, i.e., much higher than the slopes of 15% or less
that characterize the channels of the Valles Caldera with contributing areas greater than ~0.1 km2 (see
Pelletier and Orem [2014, Figure 8] for a slope-area plot). All of the debris flows triggered by the extreme
September 2013 rainstorms in the Colorado Front Range occurred on slopes between 26° and 43°, with
78% of the events triggered on south facing slopes, which tend to have less vegetation cover than north
facing slopes within the elevation range where the debris flows occurred (1600–2600masl). In the Valles
Caldera, slopes steeper than 30° are limited to 10% of upland areas (defined as >5% in slope). Debris-laden
flows have certainly occurred on such steep slopes in the absence of wildfire, but the localized nature of these
steep slopes combined with the relatively gentle gradients of channels in the Valles Caldera suggests that
such flows were probably not of the long-runout type necessary to export sediment from watersheds larger
than ~1 km2 in area. In the absence of long runouts, debris flows that occur within watersheds ~1–10 km2 in
area simply redistribute mass within watersheds without resulting in any net erosion of the watershed
because areas of erosion are balanced by areas of deposition.

3. Methods
3.1. Short-Term Erosion Rates and Recovery Times in Wildfire-Affected Watersheds From Airborne
Laser Scanning and Terrestrial Laser Scanning

We differenced terrestrial laser scanning (TLS)-derived digital elevation models (DEMs) acquired using a Leica
C10 ScanStation to measure the volumes of sediment deposited on the two piedmont surfaces we studied as
a function of time following the Las Conchas fire. These data were used to calculate short-term (~100 years)
erosion rates and recovery times in the two wildfire-affected watersheds upstream from those piedmonts.
TLS surveys of the piedmonts enabled us to quantify nearly all of the sediment exported from the watersheds
since the piedmonts are nearly a closed depositional system (see section 5.1 for further discussion of this
point). The decline in sediment yield through time can be fit to an exponential function to determine a
recovery time. Because we did not have a prewildfire TLS-derived DEM, we used an airborne laser scanning
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(ALS)-derived DEM from May 2010 as our
prewildfire topography. As an alternative,
we also estimated the prewildfire topo-
graphy by interpolating among grass-
covered portions of the first post-wildfire
TLS-derived DEM (appropriate because
points covered by grass did not undergo
significant erosion or deposition between
the fire event and the time of the first
post-wildfire TLS survey in August 2011).
We describe the data set and processing
procedures briefly here. Additional details
are provided in Orem and Pelletier [2015].

TLS surveys were conducted on the two
piedmonts in August 2011, June 2012,
September 2012, and May 2013. TLS data
were collected on these dates to coincide
with the end of themonsoon summer pre-
cipitation season in August–September
and the end of the spring snowmelt
season in May–June. Therefore, the TLS
surveys are capturing surface change that
occurred during the two major runoff
seasons following the Las Conchas fire.
TLS surveys of the Debris 1 (D1) and
Debris 2 (D2) piedmonts (locations shown
in Figure 1) included 10 and 20 scan posi-
tions and 4 and 13 georeferenced control
points, respectively, resulting in a maxi-
mum distance of 50m between scan sta-
tions. The point cloud densities were a
minimum of 100 returnsm�2 everywhere
within all eight surveys.

ALS surveys of the areas within the cal-
dera burned by the Las Conchas fire com-
plemented the TLS surveys of the

sediment exported from D1 and D2. Pelletier and Orem [2014] measured erosion rates in the year following
the Las Conchas fire everywhere over an area of 186 km2 using repeat ALS. Pelletier and Orem [2014] docu-
mented an average erosion rate of approximately 103μmyr�1 (their Figures 11 and 12), with higher values
(i.e., 104–105μmyr�1) associated with areas of high burn severity and/or especially steep topography.
There is considerable uncertainty in values based on ALS change detection, however, given the fact that
amounts of erosion or deposition less than 0.3m cannot be firmly detected.

All TLS- and ALS-derived DEMs were dif-
ferenced using ArcGIS and MATLAB soft-
ware to create a DEM of difference
(example shown in Figure 2). Total volume
change was calculated by multiplying the
sum of all vertical changes by the pixel
area (Table 1). For DEMs derived from TLS
data, no vertical change less than the com-
bined error associated with each cell was
used. DEMs derived from ALS data for the
upland watersheds were further filtered

Figure 2. DEM of difference (raster showing the change in the surface
between two TLS surveys) calculated for D1 that was used to calculate
the volume of the sediment deposited on the surface and the erosion
rate of the watershed.

Table 1. TLS- and ALS-Derived Volume Change and Erosion Rates for
the TwoWatersheds WeMonitored, i.e., Debris 1 (D1) and Debris 2 (D2)

Watershed Volume Change (m3) Erosion Rate (μmyr�1)a

TLS Debris 1 11,036 ± 3,773 12,000 ± 4,100
TLS Debris 2 589 ± 145 660 ± 160
ALS Debris 1 10,976 ± 5,488 23,000 ± 1,000
ALS Debris 2 5,360 ± 2,680 12,000 ± 500

aErrors given are propagated DEM error for TLS-derived erosion
rates and ALS-derived erosion rates [Orem and Pelletier, 2015].
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to remove change <0.3m, change measured on slopes >45°, and change measured on hillslopes with
<1000m2 of contributing area due to limitations in ALS topographic change detection under a forest canopy
[Pelletier and Orem, 2014]. Erosion rates over the subannual time scale for each watershed were calculated by
dividing the volume of change by the area of each upland watershed and the time interval over which the
change took place. Data collected over approximately 1 year following the fire were combined to get an erosion
rate directly relating to the post-wildfire erosion occurring in the watersheds.

Measurement uncertainty was estimated for each DEM and propagated through the differencing calcula-
tions. For all TLS-derived DEMs, the uncertainty of each elevation value was set to the maximum error asso-
ciated with scan-to-scan registration performed in the Leica Cyclone software: 0.007 and 0.003m and D1 and
D2. For the prewildfire, vegetation point-derived DEM, the uncertainty was set to vary based on point cloud
density between 0.007m (the minimum uncertainty based on point cloud processing) and 0.03m (the
estimated maximum uncertainty based on nongeoreferenced error and estimated interpolation error).
Therefore, cells within the DEM that had few points from which to derive a DEM elevation via interpolation
were assigned a high uncertainty and those cells with many points were assigned a lower uncertainty.

The conditions for the TLS surveys were sufficiently ideal that the dominant errors were those associated with
sensor accuracy. Passalacqua et al. [2015] identified several forms of additional uncertainty in multitemporal
lidar studies, with the magnitude of uncertainty related primarily to the type and density of vegetation cover
and the presence of steep slopes. The piedmont slopes we surveyed with TLS were modest (a few percent),
and there were no large vegetation elements to cause occlusion (voids in the point cloud due to obstacles).
As such, it is appropriate to consider the uncertainty to be dominated by the sensor accuracy.

3.2. Short-Term Erosion Rates From Non-Wildfire-Affected Watersheds Using Suspended Sediment
Concentrations and Turbidity Data From Radiosondes

We estimated mean short-term (i.e., ~100–101 years) erosion rates using suspended sediment loads (SSLs) in
five watersheds of similar area, relief, and lithology as D1 and D2 that have not experienced a wildfire since
natural wildfire regimes occurred prior to 1900 [Dewar, 2011; Touchan et al., 1996]: History Grove (HG), La Jara
(LJ), Upper Jaramillo (UJ), Upper Redondo (UR), and Lower Redondo (LR) (Figure 1). SSL estimates were derived
by developing a rating curve, i.e., a power law relationship between instantaneous sediment discharge and
water discharge [Walling, 1974] (Figure 3) via repeated grab sample measurements of sediment concentrations
approximately every 2weeks from 2010 to 2012 and at a depth equal to 60% of the flow depth following
Eads and Thomas [1983]. The rating curve was then used to estimate the sediment discharge time series over
the 5 years of hydrograph data (Figure 3c). We performed the analysis using daily mean flows and hourly mean
flows and obtained essentially identical results. The sediment discharge time series was then integrated
and divided by the 5 year interval of study and the watershed area to obtain short-term erosion rates for
non-wildfire-affected conditions in μmyr�1 (Table 2). In addition, we estimated the geomorphic effectiveness
[Wolman andMiller, 1960] of every flow in each of the five watersheds as the product of the frequency of each
discharge event (obtained from a rank analysis) and the sediment discharge of that event.

Grab samples collected approximately every 2weeks were collected over the full range of discharges recorded
for each stream (Figure 3c). Grab samples were augmented with turbidity data for the History Grove watershed
from radiosondes (described below), which provide a proxy for suspended sediment concentrations at 15min
intervals. As such, while individual storms were not intensively sampledmanually, the turbidity data do provide
some dense sampling.

Grab samples were collected in DI-washed 1000mL High-density polyethylene (HDPE) bottles and sent to the
University of Arizona (UA) for analysis. Samples were processed by centrifuging samples for 5min at 3500 rpm
to remove supernatant stream water from suspended sediment. The amount of water in each sample was
measured using a 100mL graduated cylinder. The remaining sediment was dried in an oven at 60°C, and the
total mass of suspended sediment was measured.

A hydrogen peroxide treatment was used to remove organic material from SSL samples. SSL samples in
50mL centrifuge tubes were placed in a warm-water bath under a flume hood. Three milliliters of 30%
hydrogen peroxide (H2O2) was added to each sample, and the samples were gently swirled. Samples were
allowed to react with hydrogen peroxide for approximately 12 h until another 3mL of hydrogen peroxide
was added. Hydrogen peroxide was added at 3mL increments until no reaction (effervescence) was
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Figure 3. Graphs of the logarithm of measured suspended sediment load versus the logarithm of stream discharge values
for the (a) History Grove and (b) La Jara watersheds. Rating curves (power law relationships) are shown by black lines.
(c) Graph of stream discharge for History Grove (black line) and La Jara (gray line) watersheds used to calculate suspended
sediment load.

Table 2. Rating Curve Coefficients (a and b) Based On a Power Law Relationship (y = axb) Between Suspended Sediment
Load and Water Discharge, Sediment Yields, and Erosion Rates for the Five Non-Wildfire-Affected Watersheds for Each of
the 5 Years of Measurementa

Watershed a b Year Sediment Yield (gm�2 yr�1) Erosion Rate (μmyr�1)

History Grove 4.040 1.064 2008 0.417 ± 0.099 0.278 ± 0.066
2009 0.572 ± 0.101 0.381 ± 0.067
2010 0.752 ± 0.101 0.501 ± 0.067
2011 0.179 ± 0.099 0.119 ± 0.066
2012 0.405 ± 0.099 0.270 ± 0.066

La Jara 2.860 1.133 2008 0.167 ± 0.089 0.111 ± 0.059
2009 0.206 ± 0.089 0.137 ± 0.059
2010 0.512 ± 0.089 0.341 ± 0.059
2011 0.168 ± 0.087 0.112 ± 0.058
2012 0.312 ± 0.086 0.208 ± 0.057

Upper Redondo 13.813 0.756 2008 1.797 ± 0.222 1.198 ± 0.148
2009 1.515 ± 0.224 1.010 ± 0.149
2010 1.406 ± 0.225 0.937 ± 0.150
2011 4.038 ± 0.221 2.692 ± 0.147
2012 1.269 ± 0.231 0.846 ± 0.154

Lower Redondo 5.032 1.027 2008 0.296 ± 0.024 0.197 ± 0.016
2009 0.192 ± 0.024 0.128 ± 0.016
2010 0.240 ± 0.024 0.160 ± 0.016
2011 0.284 ± 0.023 0.189 ± 0.015
2012 0.251 ± 0.023 0.167 ± 0.015

Upper Jaramillo 8.318 0.703 2008 0.428 ± 0.071 0.285 ± 0.047
2009 0.432 ± 0.071 0.288 ± 0.047
2010 0.528 ± 0.072 0.352 ± 0.048
2011 0.303 ± 0.071 0.202 ± 0.047
2012 0.458 ± 0.071 0.305 ± 0.047

a± values are uncertainties derived from equation (1).
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observed. The remaining sediment was dried in an oven at 60°C, and the total mass of nonorganic suspended
material was measured.

The quasi-maximum likelihood estimator was used as a bias correction factor to correct for the general under-
estimation of SSL by the rating curvemethod [Ferguson, 1986]. An average soil density of 1.5 g cm�3 was used
to convert the mass of sediment to volume [Kirchner et al., 2001; Meyer et al., 2001].

The uncertainties of the SSL-derived erosion rates were estimated by calculating the prediction intervals, i.e.,
confidence intervals for predicted values and future predicted values of a given regression, for the predicted
erosion rates that were determined by applying the power law model to daily discharge data. Prediction
intervals (ep) for the predicted erosion rates were calculated at a 95% confidence interval using

ep ¼ t�bσ � 1þ 1
n
þ Xo � X
� �2
n� 1ð Þ�s2

 !1=2

(1)

where t is the t value assigned for the given degrees of freedom of the variable and a 95% confidence interval,bσ is the mean root sum of squares, n is the number of samples, Xo is the sample discharge values, X is the
mean value of the sample discharge values, and s2 is the variance [Ott and Longnecker, 2001]. The data were
log transformed in order to apply a linear model instead of a power law model for the application of the pre-
diction interval method. The resulting prediction intervals were back transformed (from linear to power law)
and used to calculate uncertainties.

Turbidity data measured using radiosondes from the HG watershed (Figure 4) were used to estimate the
short-term denudation rate in non-wildfire-affected areas for comparison to our SSL-derived erosion rates
obtained using laboratory measurements of suspended sediment concentrations. Turbidity data were
sampled at the HG watershed flume every 15min during June through October when snowwas not covering

Figure 4. (a) Graph of stream discharge (dashed lines) and turbidity (solid lines) for the History Grove watershed over the
2011 and 2012 summer and monsoon seasons. (b) Graph of the measured suspended sediment load versus the turbidity
values for the History Grove watershed used to establish a relationship between turbidity and SSL.
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the landscape (Figure 4). Turbidity data have the advantage of a more complete sampling of the suspended
sediment load than is possible using grab samples alone. One drawback of turbidity-based estimates of
suspended sediment concentration is that organic and inorganic material cannot be distinguished. The same
daily discharge data used in the SSL-derived denudation rate calculations were used to make a rating curve
between stream discharge and turbidity data (measured in nephelometric turbidity units or NTUs). The rating
curve was based on 267 daily average discharge and NTU samples. These samples were acquired from the
2011 and 2012 water years so that the same water years used to calculate the SSL-derived erosion rates
were used to derive the erosion rates from the turbidity data. In order to estimate the SSL values, power
law regression relationships between NTU values and SSL values were developed. From these regressions,
the SSL values could be estimated from the NTU proxy values taken at the same time. The rating curve
between discharge and turbidity data and the regression between turbidity proxy and SSL data were applied
to stream discharge data for the 2008 to 2012 water years to estimate the sediment yield and erosion rates
from the HG watershed.

Additional SSL data from 14 watersheds within the U.S. Intermountain West were also analyzed for compar-
ison (Table 3) with the non-wildfire-affected erosion rates we estimated in the Valles Caldera. These water-
sheds are part of the U.S. Geological Survey (USGS) Hydrologic Benchmark Network (HBN) that has
included 58 watersheds nationwide since its inception in 1963 [Clark et al., 2000]. We selected 14 watersheds
for rating curve analysis based on their small contributing areas (relative to other HBN stations; ranging
from 6.5 km2 to 850 km2 (Table 3) but with most in the range of 6.5–100 km2), their location in the U.S.
Intermountain West, and the availability of at least 25 years of data (most stations cover the period
1968–1996). Discharge and SSL data were obtained from the USGS National Stream Water-Quality
Monitoring Network CD (1996). As with the SSL data from the Valles Caldera, we estimated the geomorphic
effectiveness of every flow in each of the watershed as the product of the frequency of each discharge event
(obtained from a rank analysis) and the sediment discharge of that event. This analysis demonstrates (see
section 4.1) that the 25 years of record capture the geomorphically most effective floods for all 14 watersheds.

3.3. The Impact of Chemical Weathering on Short-Term Erosion Rates

Erosion occurs due to chemical and physical processes. Chemical processes typically dissolve rock and soil
into its chemical components that are then transported from the watershed as solute load in runoff, while
physical processes break down rock and soil into smaller pieces until the surface pieces can be entrained
and transported from the watershed. In this study we compare physical erosion rates across time scales;
hence, we must remove the chemical component from calculated erosion rates that include both the chemi-
cal and physical components. To remove the chemical component, we assume that short-term chemical
erosion rates are representative of the long-term chemical denudation rates and use them to remove the
chemical portion of the long-term denudation rate.

Table 3. Location and Area Information for All Hydrologic Benchmark Network Watersheds Used in This Study

Watershed Area (km2)
Latitudea

(°N)
Longitudea

(°W)
Sediment Yieldb

(gm�2 yr�1)
Erosion Rateb

(μmyr�1)

Merced River, CA 468.8 37.7317 119.5578 1.9 ± 1.2 1.3 ± 0.80
Mogollon Creek, NM 69.0 33.1667 108.6492 0.9 ± 0.8 0.62 ± 0.54
Wet Bottom Creek, AZ 36.4 34.1608 111.6922 1.2 ± 1.2 0.78 ± 0.80
Hayden Creek, ID 22.0 47.8228 116.6528 1.2 ± 0.6 0.80 ± 0.38
Sagehen Creek, CA 10.5 39.4317 120.2369 1.7 ± 1.4 1.1 ± 0.9
Rio Mora, NM 53.2 35.7772 105.6575 1.9 ± 1.1 1.2 ± 0.7
Halfmoon Creek, CO 23.6 39.1722 106.3886 3.6 ± 1.3 2.4 ± 0.9
South Twin River, NV 20.0 38.8875 117.2444 3.7 ± 6.4 2.4 ± 4.2
Encampment River, WY 72.7 41.0236 106.8242 3.9 ± 1.7 2.6 ± 1.1
Steptoe Creek, NV 11.2 39.2014 114.6875 8.4 ± 8.0 5.6 ± 5.3
Elder Creek, CA 6.5 39.7297 123.6428 11 ± 7.4 7.5 ± 4.9
Cache Creek, WY 10.6 43.4522 110.7033 16 ± 10 11 ± 6.9
Rock Creek, MT 850.0 48.9694 106.8389 4.2 ± 3.7 2.8 ± 2.5
Minam River, OR 621.6 45.6201 117.7256 6.7 ± 2.8 4.4 ± 1.8

aLatitude and longitude given for outlet of watershed.
bAverage value of all years on record, errors given as 1 standard deviation.
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Dissolved silica fluxes were used to calculate short-term (~100 years), non-wildfire-affected erosion rates
(corresponding to chemical processes only) for three watersheds on Redondo Mountain. Three watersheds
with the requisite silica flux data were included in this analysis: History Grove, La Jara, and Upper Jaramillo
(Figure 1). Stream water samples were collected during the 2010–2012 water years at weekly to monthly
sample intervals during approximately March to October (no-snow conditions) by the UA Jemez River
Basin Critical Zone Observatory. Samples were collected in acid-washed 1000mL amber glass bottles and
sent to the UA where they were stored at 4°C until analysis. Samples were filtered using HDPE-cased
0.45μm nylon filters and transferred to 30mL acid-washed HDPE bottles. All solute measurements were
completed at the Arizona Laboratory for Emerging Contaminants at the UA.

Silica fluxes were calculated using a rating curve approach. A relationship between silica solute and daily
discharge collected at stream gages was found in order to calculate a yearly silica flux in gm�2 yr�1

(Table 4). Daily discharge was collected at each sampling location using a pressure transducer at a flume with
established rating curves. A silica density of 2.329 g cm�3 was used to convert the mass flux to a volume flux.
The resulting silica flux-derived erosion rates for each of the 3 years and three watersheds are presented in
μm yr�1. An uncertainty for the resulting erosion rate is estimated by propagating an error of 5% of the
SiO2 value and 5% of the stream discharge value through the erosion rate calculations.

3.4. Long-Term Denudation Rates Derived From Cosmogenic 10Be in Channel Sediments

Mean denudation rates for a watershed can be calculated using 10Be where the bedrock is rich in quartz. The
process involves measuring the concentration of 10Be in an amalgamated sample of sediment taken from
different locations in the streambed at the outlet of a watershed. All samples from our watersheds were
amalgamated samples that included five locations across an approximately 20m length of streambed. By
sampling a mixture of channel bed sediments, it is assumed that the sediment sample (i.e., quartz grains)
is a relatively even mixture of from all portions of the upstream watershed. This is an appropriate assumption
in watersheds, such as those in our study area, where landslides are not the dominant component of hillslope
sediment transport.

Stream bed samples are then processed in the lab and the concentration of 10Be in the quartz measured. To
calculate the denudation rate of the watershed, the production rate must also be calculated using known
relationships between production rates and location characteristics (e.g., latitude, longitude, aspect, and
elevation). Once both the concentration and the production rate are known (as well as other constants),
the denudation rate can be calculated. We used this method in four watersheds within the study area to
estimate denudation rates over a time scale of ~103–104 years (with lower time scales corresponding to
higher measured erosion rates).

The watersheds included in this analysis are History Grove, La Jara, Upper Redondo, and Lower Redondo
(Figure 1). Approximately two gallon-sized plastic bags of stream sediment were collected from the outlet
flume location of each watershed. Sediment samples were brought to the UA where they were sieved to
0.25–0.5mm. Samples were processed to accelerator mass spectrometry (AMS) targets at the UA following
the instructions of the UC Santa Barbara Cosmogenic Nuclide Preparation Facility Sample Preparation

Table 4. Calculated Silica Solute Fluxes and Chemical Erosion Rates From Three Watersheds for the 3 Years When Solute
Fluxes Were Measured

Watershed Year SiO2 Solute Fluxa (gm�2 yr�1) Erosion Ratea (μmyr�1)

History Grove 2010 1.225 ± 0.047 0.526 ± 0.020
2011 0.273 ± 0.000 0.117 ± 0.000
2012 0.722 ± 0.005 0.310 ± 0.002

La Jara 2010 1.071 ± 0.000 0.460 ± 0.000
2011 0.331 ± 0.003 0.142 ± 0.001
2012 0.749 ± 0.004 0.321 ± 0.002

Upper Jaramillo 2010 1.932 ± 0.099 0.830 ± 0.042
2011 0.582 ± 0.015 0.250 ± 0007
2012 1.457 ± 0.009 0.625 ± 0.004

aErrors given are 1 standard deviation.
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Manual and the guidance of the UA AMS Laboratory. AMS measurements were completed at the Purdue
University PRIME Laboratory.

To calculate watershed-averaged denudation rates, the concentration of 10Be in the sample and the produc-
tion rate of 10Be for the site were obtained. AMS-measured 10Be/9Be ratios were converted to 10Be concen-
trations (atoms g�1) (Table 5). The average production rate for each watershed was calculated by taking
the average of calculated production rates for each pixel in a 10m DEM. In this study we assume a constant
production rate but correct for elevation, latitude [Lal, 1991], air pressure [Stone, 2000], and topographic
shielding [Li, 2013] using separate corrections.

The 10Be-derived denudation rates were corrected for the inclusion of chemical denudation by subtracting
the chemical erosion rate calculated for the watershed or nearest watershed (section 3.3). Chemical erosion
rates calculated for the HG and LJ watersheds were used to correct the 10Be-derived denudation rates for
those watersheds. However, chemical erosion rates calculated for the UJ watershed were used for the UR
and LR watersheds because UJ was the closest watershed.

The time over which the 10Be-derived denudation rates are averaged can be calculated by dividing the 10Be
cosmic ray absorption depth scale by the denudation rate. This approach assumes that most of the time
involved in moving the sediment to the outlet of the watershed is spent eroding the sediment within the soil
column and that surface transport from the soil column location to the watershed outlet is only a minor
amount of time [von Blanckenburg, 2005]. An absorption depth scale of 0.6m for cosmic rays was used in this
study, based on an attenuation length of 160 g cm�2 and a density of 2.4 g cm�3 (density of rhyolite) [Gosse
and Phillips, 2001]. Dividing the absorption depth scale for cosmic rays (≈0.6m) by the calculated erosion
rates for each watershed gives the time scales over which the erosion rate is integrated [von Blanckenburg,
2005; DiBiase et al., 2010]. In this study the time scales range from approximately 3.1 and 3.7 kyr in the
Upper Redondo and Lower Redondo watersheds, respectively, to approximately 11.3 and 12.8 kyr in the La
Jara and History Grove watersheds, respectively.

The 10Be-derived denudation rates calculated in this study represent erosion over Holocene time scales.
Paleoenvironmental proxy data constrain the occurrence of periglacial activity in the region, e.g., colluvial
deposits potentially indicative of periglacial processes on Redondo Mountain [Blagbrough, 1994], to be
approximately 11,700 cal years B.P. in northern New Mexico [Armour et al., 2002]. Pollen records from the
Jemez Mountains suggest that modern forest types had been established in the study area by approximately
10,500 cal years B.P. [Anderson et al., 2008]. The transition out of glacial climates and the establishment of the
modern forest types by approximately the beginning of the 10Be integration time interval indicate that ero-
sion rates derived from this analysis are representative of Holocene erosional conditions.

3.5. Long-Term Denudation Rates Derived From Incision Into a Dated Paleosurface

Long-term (~106 years) denudation rates were calculated by subtracting 10mpixel�1 DEMs of modern topo-
graphy from DEMs of paleosurfaces estimated by interpolating between modern topographic divides to
calculate the “missing” or eroded volume from individual watersheds. These paleosurfaces are an estimate
of the initial surface of Redondo Mountain prior to valley formation. In this section we provide an estimate

Table 5. Calculated 10Be Concentrations and Denudation Rates for Four Watersheds

Watershed

Latitude
Longitude
(NAD 83)

Elevation
(m)

Shielding
Factor

Quartz
Mass (g)

Be Carrier
(mg)

10Be/9Be
Ratioa (10�13)

Production
Rateb

(Atoms yr�1)

10Be Concentrationc

(103 Atoms g of Si�1)

Denudation
Rated

(μmyr�1)

History Grovee 35.8759 106.5125 2949 0.9941 9.3012 0.5471 2.23 ± 0.06 38.5 ± 1.9 438 ± 11.8 52.1 ± 3.0
La Jarae 35.8703 106.5273 3103 0.9893 9.9245 0.5033 2.48 ± 0.08 42.0 ± 2.1 420 ± 13.6 59.4 ± 3.6
Upper Redondof 35.8929 106.5766 2999 0.9818 10.0492 0.5161 0.65 ± 0.04 39.5 ± 2.0 112 ± 6.9 212 ± 16.8
Lower Redondof 35.8663 106.5978 2912 0.9786 10.0109 0.5245 0.71 ± 0.05 37.2 ± 1.9 124 ± 8.8 179 ± 15.5

aMeasured at PRIME lab using a Beryllium standard 1000 μg/mL.
bError approximated as 5%.
cError includes propagated production rate error and concentration error.
dNot corrected for inclusion of chemical denudation.
eBlank for samples had a 10Be/9Be ratio of 1.87 ± 0.17 10�14.
fBlank for samples had a 10Be/9Be ratio of 1.42 ± 0.11 10�14.
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of the erosion rate over million year time scales as ameans of providing context to the Holocene erosion rates
determined in section 3.4.

Denudation rates were calculated by dividing the estimated eroded volume by the area of the watershed and
by the time interval, i.e., 1.24Myr, the age of the landscape that coincides with the uplift of Redondo
Mountain. This approach yields an order-of-magnitude estimate of denudation rate over the lifetime of the
landscape since uplift began. History Grove, La Jara, Upper Redondo, and Upper Jaramillo were included in
this analysis. Lower Redondo was not included because most of the watershed was formed by the structural
development of a graben during resurgence of Redondo Mountain and not by fluvial or colluvial processes.

The subtraction of topographic surfaces and the integration of the missing volume were performed using
the MATLAB software package. The pixels around the edge of each watershed were identified as tie points
or boundary conditions, and a surface was interpolated among them using the TriScatteredInterp function
within MATLAB. This function performs a Delaunay triangulation between a set of points identified by
the user. The interpolated surface served as an estimate for the original surface of Redondo Mountain
prior to valley formation. The denudation rate for each watershed was calculated by dividing the eroded
volume by the area of the watersheds and by the time over which the denudation occurred. Because
the resurgence of Redondo Mountain occurred within 27 kyr of the formation and eruption of the Valles
Caldera at 1.25Myr [Phillips et al., 2007], an age of 1.24Myr was used as the total denudation time for
valley formation.

It is difficult to put a precise error estimate on this type of analysis. We added 10m to the elevation of the
topographic divides to represent the fact that the divides may have undergone up to ~10m of erosion.
This is reasonable considering that millennial-scale erosion rates are ~50mMyr�1, including both ridgetops
and valley bottoms that have incised by as much as 100m (erosion must have been higher in valley bottoms
in order to form the valleys from an unincised initial condition). The high and low volumes (i.e., the volumes
calculated with and without 10m added to the paleosurface reconstruction) were used to calculate denuda-
tion rates and then averaged to get a single denudation rate for each watershed (Table 6). The error pre-
scribed to the denudation rates was approximated by the difference between the average denudation rate
and the denudation rate derived from the high and low volumes. As with the long-term, 10Be-derived denu-
dation rates, the calculated paleosurface incision-derived rates were corrected for the inclusion of chemical
denudation rates by subtracting the calculated chemical erosion rates for each watershed.

3.6. Model Calculations

Given measured erosion rates from wildfire-affected and non-wildfire-affected watersheds, as well as mea-
sured denudation rates over geologic time scales, it is possible to estimate the recurrence interval (RI) of
high-severity wildfires most consistent with the measured differences among short-term erosion rates and
long-term denudation rates. These estimates can then be compared to independent data for RI values from
proxies for high-severity wildfires to check for consistency.

We assume in our analysis that post-wildfire erosion is dominated by high-severity wildfires. This is a reason-
able assumption given the strongly nonlinear relationship between erosion and burn severity [Pelletier and
Orem, 2014]. Also, this is a conservative approach because adding the erosional effects of low- and
moderate-severity wildfires would only increase the relative importance of wildfire-affected erosion over
and above our analysis, which considers the effects of high-severity wildfires only. Similarly, we assume that
short-term erosion rates are dominated by the frequent events captured by the 5 years of SSL data. In
section 4.2 we show that the geomorphically most effective events occur at a sufficiently large fraction of

Table 6. Calculated High, Low, and Mean Denudation Rates for Four Watersheds Over the Total Landscape Age Using
Incision Into a Dated Paleosurface

Watershed Low Denudation Rate (μmyr�1) High Denudation Rate (μmyr�1) Denudation Ratea (μmyr�1)

History Grove 16 24 19 ± 4
La Jara 29 37 32 ± 4
Upper Redondo 9 17 13 ± 4
Upper Jaramillo 17 25 20 ± 4

aError is difference between average and high/low denudation rates.
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the time that they are common events in our data set. Moreover, events larger and rarer than the effective
discharge systematically decrease in effectiveness for the range of discharges captured in our data set.
Moreover, we show in section 4.4 that our results regarding the relative importance of wildfire-affected
erosion on the long-term denudation of the landscape are robust with respect to even order-of-magnitude
uncertainties in the relative erosion rates between wildfire-affected and non-wildfire-affected conditions.

We computed the fraction of time associated with wildfire-affected conditions (fWA) using a weighted mean
relationship:

D ¼ ENWA� 1� fWAð Þ þ EWA�fWA (2)

where D is the long-term denudation rate and EWA and ENWA are the wildfire-affected and non-wildfire-
affected erosion rates, respectively (Table 7). The value of D was set equal to long-term denudation rates
derived from 10Be analysis. Then, the recurrence interval RI was calculated from the definition of fWA, i.e.,

fWA ¼ tR
RI

(3)

where tR is the time scale of recovery over which erosion rates return to non-wildfire-affected levels following
a wildfire using an exponential decay model (described in more detail in section 4.2). The relative importance
of wildfire-affected denudation, PWA, was then computed as the fraction of time that wildfire conditions were
active multiplied by the ratio of the wildfire-affected erosion rate to the long-term denudation rate, i.e.,

PWA ¼ fWA
EWA

D
(4)

4. Results
4.1. Short-Term Erosion and Long-Term Denudation Rates

Short-term (~100–101 years) erosion rates in recently non-wildfire-affected watersheds vary from 0.182
± 0.058μmyr�1 to 1.337 ± 0.15μmyr�1 (Figure 5 and Tables 7). Erosion rates estimated during the summer
months using turbidity data with fine temporal resolution (15min) yield even lower rates (Table 8), consistent
with the hypothesis that most of the erosion during the year is associated with periods of snowmelt. The
range of erosion rates computed from SSL data is slightly lower than but broadly consistent with rates
calculated from the USGS HBN stations using daily mean flows, which range from 0.62 ± 0.54μmyr�1 to
11 ± 6.9μmyr�1 (Table 3). Although USGS HBN stations represent a wide range of tectonic, geologic, and
climatic environments and they are much larger in area than the watersheds we studied, data from these
stations are useful to present here because they demonstrate that the erosion rates from the Valles
Caldera are approximately of the same order as the values obtained from other locations in the U.S.
Intermountain West obtained using similar data.

Table 7. Mean Erosion and Denudation Rates and Associated Time Intervals of Measurementa

Site
Time Interval

(Year)
SSLb Erosion
Rate (μmyr�1)

Time Interval
(Year)

TLS and ALSc

(μmyr�1)
Time

Interval (kyr)

10Be-Derivedd

Denudation
Rate (μmyr�1)

Time Interval
(Myr)

Topoe

(μmyr�1)

HG 5 0.310 ± 0.067 12.8 52.1 ± 3.0 1.24 19 ± 4
LJ 5 0.182 ± 0.058 11.3 59.4 ± 3.6 1.24 32 ± 4
UR 5 1.337 ± 0.150 3.1 212 ± 16.8 1.24 13 ± 4
LR 5 0.168 ± 0.016 3.7 179 ± 15.5
UJ 5 0.286 ± 0.047 1.24 20 ± 4
D1 1 12,000 ± 4,100f 23,000 ± 1,000g

D2 1 660 ± 160f 12,000 ± 500g

aAll rate uncertainties are estimates of the measurement uncertainty.
bSuspended sediment load (SSL).
cLight detection and ranging (lidar).
dCosmogenic radionuclide (CRN).
eFrom incision into a dated paelosurface.
fEstimate derived from TLS data.
gEstimate derived from ALS data.
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Short-term erosion rates in recently
wildfire-affected watersheds vary
from 660± 160μmyr�1 to 23,000
± 1000μmyr�1 (Figure 5 and Table 7).
In the year following the wildfire, erosion
rates increased by more than 3 orders of
magnitude above those associated with
non-wildfire-affected conditions.

Figure 6a plots the relative geomorphic
work as a function of the flow duration,
i.e., the fraction of time that flows equal
to or greater than a given discharge
occurs. The effective discharge is defined
by the peak in these graphs. Figure 6a
demonstrates that the effective dis-
charge in our study site has a flow dura-
tion of between approximately 50% and
90%. These results are consistent with
the hypothesis that base flows and snow-
melt periods are responsible for the vast
majority of the sediment exported from
our study watersheds in the absence
of wildfire.

The results in Figure 6a differ from most studies of effective discharge, which generally conclude that flows
equal to or greater than the effective discharge occur between 0.1 and 10% of the time [Wolman and Miller,
1960; Andrews, 1980; Andrews and Nankervis, 1995]. However, our results are consistent with at least one
study from a landscape with porous soils and predominantly groundwater flow. Ma et al. [2010] calculated
flow durations of between 18 and 92% for the effective discharges of watersheds incised into eolian sand
deposits of the Wuding River basin, China. Ma et al. [2010] proposed that the highly porous nature of the
deposits contributed to an unusually large ratio of subsurface to surface flow and hence a relatively low dis-
charge variability. Our study site differs in many ways from that of Ma et al. [2010], but the highly fractured
nature of the Valles Caldera tuff and rhyolite leads to a similarly dominant groundwater flow regime with rela-
tively low discharge variability [Zapata-Rios et al., 2015].

Figure 6b shows the analogous results for the USGS HBN stations, again demonstrating that the effective dis-
charge occurs at sufficiently large fraction of time (ranging from approximately 0.01 to 0.15) that many such
discharges are included in the 25years of data available. Moreover, Figures 6a and 6b demonstrate a systematic
decrease in geomorphic effectiveness with decreasing flow duration for all of the watersheds we studied.

Long-term denudation rates measured over time scales of ~103–104 years and ~106 years ranged from 13
± 4μmyr�1 to 212 ± 16μmyr�1 (Figure 5 and Table 7). Denudation rates calculated by 10Be analysis are
somewhat higher than denudation rates estimated using incision into a dated paleosurface over the last
~1.24Myr. 10Be-derived denudation rates are of the same order of magnitude as those in similar studies

Figure 5. Plot of the erosion or denudation rate for each watershed
calculated using the different methods applied in this study versus the
time scale of measurement. Short-term wildfire-affected, TLS- and
ALS-derived erosion rates (red and black squares, respectively), non-
wildfire-affected, SSL-derived erosion rates (green triangles), chemical
flux-derived erosion rates (yellow diamonds), and long-term 10Be-
derived denudation rates (blue circles) and denudation rates derived
from incision into a paleosurface (orange diamonds) are shown. Data
from Kirchner et al. [2001] are also shown in gray for comparison with the
outer rectangle showing the full range in the data and the inner filled
rectangle showing the middle 50% of the data.

Table 8. Sediment Yields and Erosion Rates Calculated From Turbidity Data (NTU) for the History Grove Watershed
for 5 Years

Watershed Year Sediment Yielda (gm�2 yr�1) Erosion Ratea (μmyr�1)

History Grove 2008 0.066 ± 0.003 0.044 ± 0.002
2009 0.065 ± 0.003 0.044 ± 0.002
2010 0.065 ± 0.003 0.044 ± 0.002
2011 0.062 ± 0.003 0.041 ± 0.002
2012 0.065 ± 0.003 0.043 ± 0.002

aErrors approximated as 5% of the value.
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within the western U.S. [Granger et al., 1996; Riebe et al., 2000; DiBiase et al., 2010] and represent an average
rate over time scales ranging from 3.1 to 12.8 kyr.

4.2. Mean Post-wildfire Recovery Time Scale

Orem and Pelletier [2015] demonstrated that the export of sediment from watersheds D1 and D2 to their
adjacent piedmont surfaces decreases exponentially with time with a time constant of approximately 1 year.
The increase in erosion rate above background associated with a single high-severity wildfire is thus given by

EWA � ENWAð Þ∫
∞

0
e�t=tRdt ¼ EWA � ENWAð Þ�tR: (5)

Figure 6. Plot of the relative geomorphic work of floods, i.e., the sediment transport estimated from the rating curve
multiplied by the frequency of each event (normalized by the maximum value for each watershed) as a function of the
flow duration (i.e., the fraction of time that flows greater than or equal to that discharge occur). (a) Valles Caldera data.
(b) USGS HBN station data.
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Equation (5) demonstrates that in the exponential decay model for post-wildfire erosion, elevated erosion
rates persist for time periods longer than tR, but the cumulative effect of post-wildfire denudation is equiva-
lent to that of a constant erosion rate acting over a time interval tR. One of the two watersheds we monitored
with TLS did not show as systematic an exponential decrease in sediment yield (e.g., D2) with time following
the wildfire as the other, a fact we attributed to the precise timing of storm events within the recovery period
[Orem and Pelletier, 2015]. However, the data from both watersheds show a characteristic decrease in sedi-
ment flux with the time scale of approximately 1 year. The stochastic nature of rainfall therefore gives rise
to significant variability in how precisely the data fit an exponential model and in resulting best fit values
of tR, variability that we address in the Monte Carlo analysis of section 4.4.

Our measured tR value of approximately 1 year [Orem and Pelletier, 2015] is consistent with three recent
analyses of recovery times following wildfires in the western U.S. Moody [2012] obtained a mean recovery
time of approximately 0.8 year (his Figure 10). Similarly, Wagenbrenner and Robichaud [2014] quantified the
decrease in erosion rate above background for two postfire years and showed large successive decreases
in erosion rates from each year to the next following wildfires, with values near background level after 2 years.
Finally, Santi and Morandi [2013] concluded based on their study of 900+ debris flows that “it takes approxi-
mately 1 year, or at a few locations, as much as 3 years, for debris production to return to prefire rates.”

4.3. Model Calculations

Computed values of the fraction of long-term denudation resulting from wildfire-affected conditions, PWA,
range from 0.991 to 0.996. Four different estimates are available corresponding to whether we use the aver-
age erosion rate value for the D1 and D2 watersheds measured by TLS (6400 ± 2200μmyr�1) or ALS (17000
± 8700μmyr�1) and whether we use the relatively low average 10Be-derived denudation rate for the south
draining watersheds of HG and LJ (55 ± 3μmyr�1), the relatively high average 10Be-derived denudation rate
for the north draining watersheds of UR and LR. For each scenario, equations (2)–(4) provide a value for the
recurrence interval of high-severity wildfire required to close the denudation rate budget. Values of RI
predicted by equations (2)–(4) range from 33 to 313 years (Figure 5 and Table 9). In section 5.4 we compare
these predicted recurrence intervals to independent constraints from proxy data. All calculations were
completed using a mean recovery time of 1 year and the average short-term non-wildfire-affected erosion
rate of the watersheds involved in each calculation. In the Monte Carlo analysis of the next section we
consider the impact of uncertainty in the parameter values on the values of PWA.

4.4. Sensitivity of the Conclusions With Respect to Uncertainties

To determine the sensitivity of PWA values with respect to uncertainties in the parameter values, we simulated
multiple sets of 10,000 hypothetical long-term histories, each representing an interval of geologic time with a
mixture of “background” non-wildfire-affected erosion and infrequent but intense postfire erosion. The out-
put of each realization is the fraction of total denudation associated with wildfire-affected conditions for each
realization with different mean values of tr, ENWA, EWA, and D for a hypothetical history. This type of analysis is
necessary because while we measured an increase of 103–105 in erosion rates following the Las Conchas fire,
that fire might be unusual in terms of the magnitude of the response and/or the speed at which erosion rates
returned to those associated with non-wildfire-affected conditions. As such, it is crucial to determine whether
our conclusions regarding the relative importance of wildfire-affected erosion on the long-term denudation

Table 9. Averaged Erosion Rate Values and Calculated RI, fWA, and PWA Values

Site D (μmyr�1) ENWA (μmyr�1) EWA (μmyr�1) Time Interval (kyr) RIa (Year) fWA
b PWA

c

HG and LJ
Using TLS EWA 55 ± 3 0.246 ± 0.063 6,400 ± 2,200 12.1 115 0.008 0.996
Using ALS EWA 17,000 ± 8,700 313 0.003 0.993
UR and LR
Using TLS EWA 195 ± 16 0.753 ± 0.083 6,400 ± 2,200 3.4 33 0.031 0.996
Using ALS EWA 17,000 ± 8,700 90 0.011 0.991

aCalculated using equation (3).
bCalculated using equation (2).
cCalculated using equation (4).
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of the landscape would hold if the mean increase in erosion rates following wildfires were only the range of
102–104, for example, instead of 103–105.

We performed the first set of 10,000 simulations using a default set mean values equal to 1 year, 1μmyr�1,
10,000μmyr�1, and 100μmyr�1 for the recovery time scale (tr), the short-term denudation rate associated
with non-wildfire conditions (ENWA), the short-term denudation rate associated with wildfire conditions
(EWA), and the long-term denudation rate (D), respectively. For each realization the parameter values were
sampled from lognormal distributions with coefficients of variation equal to 1 for all of the variables except
for EWA, where we used a coefficient of variation equal to 3 to represent the larger variability in post-wildfire
denudation rates relative to the other parameters. These coefficients of variation are not uniquely con-
strained, but this fact does not negate the value of the analysis, which is to show how sensitive the PWA values
are to variations and/or uncertainties in the model parameters. The output of the analysis is a frequency
distribution of values for PWA, the fraction of total physical denudation associated with wildfire-affected
conditions (Figure 7e). This figure shows that in all cases, the most probable PWA value exceeds 0.99 and
the probability of obtaining a PWA value lower than 0.9 is very small (approximately 1%).

Figures 7a–7e plot variations in tr, ENWA, EWA, D, and the resulting value of PWA for the first 100 simulations
with the default set of parameters. Figure 7e plots the frequency distribution of the resulting PWA value for
all 10,000 simulation runs with the default set of parameters. We also ran two additional sets of 10,000 simu-
lations corresponding to alternative mean values for EWA (1000μmyr�1 instead of 10,000μmyr�1), and then,
in addition, we changed the mean value of tr to 3 years instead of 1 year. The point of these alternative sets of
simulations is to address the possibility that the Las Conchas wildfire is an extreme event in terms of the
magnitude of the erosional response above non-wildfire-affected conditions and/or the time scale of
recovery. The results for these alternative cases follow a similar distribution to that of the default case: all
but approximately 1% of these 20,000 alternative cases have PWA larger than 0.90 (Figure 7e).

5. Discussion
5.1. Incompleteness of the TLS Data and Its Potential Impact on Short-Term Erosion Rates
in Wildfire-Affected Watersheds

The TLS-derived short-term wildfire-affected erosion rates are minimum values due to incomplete preserva-
tion of material on the piedmont surface (some material passed through the survey area) and incomplete
survey coverage of the depositional area. Our TLS surveys each included 10–20 scan stations that cover
the vast majority of the area of deposition, but the surveys did not include some thin (~1 cm) deposits near
the edge of the depositional area. However, these areas were primarily organic material deposits (grass, pine
needles, and small twigs) that are not relevant to estimating erosion rates. We infer that our minimum
estimates for the volume of deposited sediment are close to the actual volume of sediment derived from
the watersheds because our surveys cover nearly the entire area of significant clastic deposition and because
the main incised channels created on the two piedmonts (the only channels that could have transported
sediment past the piedmont) do not extend to the East Fork Jemez River (Figure 1). ALS-derived erosion rates
could also be biased since they include only erosion and deposition that occurred within the first year
following the wildfire and vertical changes <0.3m were filtered out of the analysis.

5.2. Representativeness of the SSLData forMeasuring Short-TermErosion Rates inNon-Wildfire-Affected
Watersheds

We did not measure bed load, thus introducing uncertainty into our estimate of ENWA. Bed load is difficult to
measure completely, as even slot samplers do not sample the entire range of bed material particle sizes [e.g.,
Nichols et al., 2008] and detention basins may overflow during large events [e.g., Kirchner et al., 2001]. To
address this issue, we use the results of two published studies from small forested watersheds that suggest
that the relative importance of bed load is likely to be small relative to the 3–5 orders of magnitude increase
we measured between wildfire-affected and non-wildfire-affected conditions. Both studies constrain the
ratio of bed load to suspended load in forested watersheds of similar area (i.e., 1–10 km2) that were subjected
to disturbance. Grant and Wolff [1991] measured bed load to be between 8 and 38% of the total load in three
watersheds in the H.J. Andrews Experimental Forest in Oregon. Ferguson and Stott [1987] found bed load to
be less than 2% of the total load in two watersheds of similar area in Scotland. Based on these studies, we
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Figure 7. Results of the Monte Carlo simulations. (a–d) Plots of the parameter values in equations (2)–(4) sampled from
lognormal distributions (with mean values of 1 year, 1 μmyr�1, 10,000 μmyr�1, and 100 μmyr�1, respectively, and
coefficients of variation equal to 1 for all parameters except EWA (a coefficient of variation of 3 was selected for this
parameter to reflect its larger variability in nature)) for the first 100 simulation runs. (e) Histogram of the frequency of
occurrence of PWA from all of the 10,000 runs using mean values of tr, ENWA, EWA, and D equal to 1 year, 1 μmyr�1,
10,000 μmyr�1, and 100 μmyr�1, respectively (default case). Also shown is the histogram resulting from lowering the
mean EWA value to 1000 μmyr�1 (keeping other mean values the same as the default case) and the histogram resulting
from lowering the mean EWA value to 1000 μmyr�1 and increasing the mean tr value to 3 years.
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conclude that bed load is likely to be, at
most, half of the total load in our study site.
As such, the error in neglecting bed load is
far less than the 3–5 orders of magnitude
increase due to wildfire.

5.3. Comparison of Short-Term Erosion
Rates With Published Values From
Similar Landscapes

EWA values and their increase above ENWA

values are comparable to values reported
from wildfire-affected areas in previous
studies [Kirchner et al., 2001; Meyer et al.,
2001; Istanbulluoglu et al., 2003; Malmon
et al., 2007; Shakesby and Doerr, 2006;
Wagenbrenner and Robichaud, 2014] (i.e.,
~102–104μmyr�1 and a 2–5 orders of mag-
nitude increase from non-wildfire-affected
to wildfire-affected erosion rates). ENWA

values reported for our study site are
comparable to, or only slightly lower than,
SSL-derived erosion rates calculated for
other small, mountainous watersheds in
the Intermountain West over similar time
scales (Table 3).

The ENWA values may seem unrealistically
low. Indeed, these rates are comparable to
the lowest rates measured anywhere on
Earth over geologic time scales [von

Blanckenburg, 2005]. However, the rates we obtained are consistent with a century of work measuring short-
term erosion rates in U.S. forest areas with minimal human disturbance. The most recent compilation of
short-term erosion rates reported in the literature from U.S. forests isMontgomery [2007], who reported the fol-
lowing values (from his SI Table 6): <10μmyr�1 [Blakely et al., 1957], 0.21μmyr�1, 1.9μmyr�1, 680μmyr�1

[Fowler and Heady, 1981], 0.41μmyr�1 [Pimentel et al., 1976], and 2.1μmyr�1 [Pimentel et al., 1976]. The only
value substantially larger than the ENWA values we report here is the 680μmyr�1 value of Fowler and Heady
[1981]. However, the three data points thatMontgomery [2007] cites from Fowler and Heady [1981] are not mea-
sured sediment yields. Instead, they are the range of typical (0.21–1.9μmyr�1) and themaximum (680μmyr�1)
yields predicted from a statistical model of sediment yields in undisturbed U.S. forests (defined by Fowler and
Heady [1981] as thosewith<5% area disturbed by direct human activities such as logging or construction; thus;
they include wildfire and other natural disturbance processes) calibrated using a remarkable compilation of 90
measured sediment yields in undisturbed U.S. forests [Fowler, 1979].

Figure 8 presents the cumulative frequency distribution of the 90 short-term erosion rates of undisturbed U.S.
forests reported by Fowler [1979]. As noted above, these studies include the effects of wildfire and other natural
disturbance processes. Approximately 20% of these studies report short-term erosion rates of <1μmyr�1. Of
the remaining studies with short-term erosion rates >1μmyr�1, Fowler [1979] demonstrated that nearly all
of these areas were associated with the occurrence of wildfire and/or landsliding. Figure 8 also plots the ratio
of wildfire-affected to non-wildfire-affected short-term erosion rates in the first year after the wildfire from
the 39 studies Fowler [1979] compiled in which such data were available. Figure 8 shows that the EWA/ENWA

values range from ~100 to 104. Our measured values for the relative increase in wildfire-affected denudation,
which range from ~103 to 105, are at or just above the high end of this range. The fact that our data occur at
the high end of Fowler’s [1979] range is consistent with the fact that he included watersheds in which any
portion was affected by wildfire. In contrast, watersheds D1 and D2 were burned at high severity over the
majority of their contributing area, resulting in a geomorphic response at the high end of the spectrum.

Figure 8. Cumulative frequency-magnitude plots of the number of
studies (90 in total) that have reported short-term erosion rates
from U.S. forests with minimal (<5% of area) human disturbance
(some of which are wildfire affected) and EWA/ENWA values (with EWA
measured within the first year following the wildfire) greater than the
values plotted on the x axis. Data are from the literature review of
Fowler [1979].
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5.4. Independent Constraints on Recurrence Intervals of High-Severity Wildfire

The recurrence intervals (RIs) of high-severity wildfires required to close the denudation rate budget,
i.e., 33–313 years, are comparable to independent constraints from the Valles Caldera region specifically
and from the U.S. Intermountain West, in general. Frequency distributions of even-aged stands provide
constraints on the recurrence intervals of high-severity (i.e., stand replacing) wildfires. Charcoal-rich
deposits in alluvial fans and other depositional zones can also constrain the recurrence intervals of
moderate- and high-severity wildfires. The severity of the wildfire that triggered deposition can be broadly
inferred from the thickness and texture of the deposits. For example, Pierce and Meyer [2008] state “We
define ‘large fire-related events’ as events represented by debris flow units with abundant coarse angular
charcoal that are generally coarser grained than other units in a stratigraphic section and comprise at least
20% of the thickness of the section [Pierce et al., 2004]. These deposits are often underlain by burn surfaces
and most likely represent high-severity burns.”

Allen et al. [2008] obtained a wildfire recurrence interval of 200 years in Chihuahueños bog and 111 years in
Alamo bog in the Valles Caldera region over the past 15 kyr. Allen et al. [2008] did not constrain the severity
of these wildfires, but given that they triggered charcoal-rich deposition in the center of a low-relief basin
together with the fact that RI values from fire scar records (indicative of low- to moderate-severity wildfires)
from the same area were much smaller, it is probable that these events represent high-severity wildfires.

High-severity wildfires from other conifer forests of the U.S. Intermountain West have recurrence intervals
of approximately 150 to 400 years based on frequency distributions of even-aged stands and fire-related
sedimentation studies [Meyer et al., 1995; Veblen, et al., 1994; Kipfmueller and Baker, 2000; Sibold et al.,
2006; Margolis et al., 2007; 2011; Fitch and Meyer, 2015]. We conclude that RI values required to close
the long-term denudation rate budget (which have a median value of 211 years) for the study area are
broadly consistent with RI values measured independently. Note that these RI values for high-severity
wildfires were not used to calculate the PWA reported in Table 9 but are merely an independent check
on the results.

5.5. Potential Application to Other Landscapes

Previous studies that have quantified the relative importance of wildfire-affected erosion in the long-term
denudation of landscapes have generally attributed a lower percentage, i.e., between 30 to 77%, to
wildfire-affected conditions [Meyer et al., 1995; Pierce et al., 2004; Fitch and Meyer, 2015; Weppner et al.,
2003; Riley et al., 2015]. As noted in section 1, however, actual estimates could be higher or lower than these
values. The results of this paper depend heavily on the assumption that debris flows do not export sedi-
ment from watersheds >~1 km2 in area in the absence of wildfire. This assumption is defensible for this
particular study area for the reasons stated in section 2, i.e., modest slopes for 90% of the landscape and
a relative absence of bare ground. However, in areas where long-runout debris flows are common in the
absence of wildfire, it is reasonable to expect that wildfire-affected erosion would not be the predominant
driver of long-term denudation. The conclusions of this paper are consistent with the modeling results of
Istanbulluoglu et al. [2004] of a study region in Idaho, where wildfire-affected conditions were estimated to
be responsible for 92% of long-term denudation.

6. Conclusions

Our analysis, which combines data for erosion rates measured over short time scales in wildfire-affected
and non-wildfire-affected watersheds with long-term denudation rates, demonstrates that post-wildfire
erosion is responsible for the vast majority (>90%) of denudation in the Valles Caldera over geologic
time scales. The range of wildfire RI values required to close the denudation rate budget agrees well
with published values for high-severity wildfires based on frequency distributions of even-aged tree
stands and fire-related sedimentation records. Given that our analysis is robust with respect to large
variations in the ratio of wildfire-affected to non-wildfire-affected erosion rates, together with the fact that
wildfire-induced increases of up to 3 orders of magnitude are standard [Wagenbrenner and Robichaud,
2014], it is possible that wildfire-affected erosion may dominate in other conifer-forested upland water-
sheds >1 km2 in area in which sediment export from watersheds is not dominated by debris flows in
the absence of wildfire.
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