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Abstract. Many forested watersheds with a substantial frac-1 Introduction

tion of precipitation delivered as snow have the potential for

landscape disturbance by wildfire. Little is known about the 1.1 Motivation and previous research

immediate effects of wildfire on snowmelt and near-surface

hydrologic responses, including soil-water storage. Montanélountainous regions are important sources of surface and
systems at the rain-snow transition have soil-water dynamic§roundwater to downgradient population centers. For exam-
that are further complicated during the snowmelt period byP!e. in the USA over 60 million people depend on water
strong aspect controls on snowmelt and soil thawing. Herdfom mountain river basins (Bales et al., 2006). Much of
we present data from field measurements of snow hydr0|.the precipitation in mountain areas falls as snow such that
ogy and subsurface hydrologic and temperature responséé‘owme“ contributes the majority of regional water supplies
during the first winter and spring after the September 2010(€.9. Flerchinger etal., 1994; Bales et al., 2006). In the Rocky
Fourmile Canyon Fire in Colorado, USA. Our observations Mountains of North America, wildfire is one of the most sig-
of soil-water content and soil temperature show sharp conhificant events within the disturbance regime (Veblen et al.,
trasts in hydrologic and thermal conditions between north-1994; Schoennagel et al., 2011), which can affect the qual-
and south-facing slopes. South-facing burned soils were ity and quantity of mountain water supplies. In the previ-
2°C warmer on average than north-facing burned soils and®us 30yr, wildfire incidence and the duration of fire-prone
~1.5°C warmer than south-facing unburned soils, which af- conditions has increased in the mountainous western USA,
fected soil thawing during the snowmelt period. Soil-water Which can be partially attributed to earlier snowmelt (West-
dynamics also differed by aspect: in response to soil thawerling et al., 2006). The trend of increasingly long wildfire
ing, soil-water content increased approximately one monthS€asons and higher wildfire frequency is forecast to continue,
earlier on south-facing burned slopes than on north-facing/ith anthropogenically-enhanced global change resulting in
burned slopes. While aspect and wildfire affect soil-watershifts to an unprecedented temperature-driven rise in wild-
dynamics during snowmelt, soil-water storage at the end ofire occurrence (Pechony and Shindell, 2010) and an increase
the snowmelt period reached the value at field capacity foin Widespread wildfire synchrony (Kitzberger et al., 2007).
each plot, suggesting that post-snowmelt unsaturated storthe increasing pressure of wildfire and its potential impact
age was not substantially influenced by aspect in wildfire-0n much-needed mountain water supplies (e.g. Ice et al,
affected areas. Our data and analysis indicate that the amougP04) creates an imperative that we increase our understand-
of snowmelt-driven groundwater recharge may be larger ining of wildfire interactions with snowmelt-driven hydrologic

wildfire-impacted areas, especially on south-facing slopesfésponse. o _
because of earlier soil thaw and longer durations of soil-water Past studies have shown that wildfires can have dramatic

contents above field capacity in those areas. consequences for near-surface hydrologic processes, includ-
ing snow accumulation and melt. Wildfires often devegetate
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the landscape and remove litter and duff by combustionand tree/plant survival (e.g. Fahey and Knight, 1986). While
thereby changing canopy interception, altering near-surfac&nown to be a critical component of hydrologic processes,
wind velocities, and exposing soil surfaces to the atmo-accurate characterization of soil-water storage remains elu-
sphere. Such wildfire impacts affect snow accumulation andsive. As noted by McNamara et al. (2011), distributed storage
ablation (Billings, 1969; Farnes, 1996; Winkler, 2011) and is difficult to quantify at catchment scales because of spatial
the radiation balance (Burles and Boon, 2011). Standing deatieterogeneity at the sub-meter scale, resulting in a greater
trees in the burned area play an important role in the energyocus on point measurements.
balance by attenuating wind speed and reducing incoming In many mountainous areas, the interactions of wildfire
shortwave radiation (Burles and Boon, 2011). Reported ef-and soil water storage are further complicated by contrasts in
fects of wildfire on snow accumulation are mixed. Silins et hillslope aspect. The distribution of slope aspects in a land-
al. (2009) found increases in snow-water equivalent (SWE)scape can have a strong control on soil-water content and
in burned watersheds by a factor of 2-3 compared to unvegetation (e.g. Geroy et al., 2011). Differences in energy
burned watersheds, which they attributed to canopy removabalance driven by aspect (Monteith and Unsworth, 1990) that
by the fire. Burles and Boon (2011) documented greater snoveontrol soil temperature (Kang et al., 2000) can affect soil
accumulation, faster snowmelt, and 30 % more available encharacteristics (Casanova et al., 2000) and soil depths (Khu-
ergy for snowmelt in a burned area compared to a nearbynalo et al., 2008). Snowmelt is influenced by aspect (e.g.
unburned area. Drake et al. (2008), however, found statistiPomeroy et al., 2003) which can affect snowmelt-derived
cally significant reductions in SWE after wildfire, which they runoff (Shanley and Chalmers, 1999). Aspect effects can
attributed to changes in forest cover and canopy structurebe particularly pronounced when slopes are predominantly
While the effects of fire on snow processes can vary by locanorth- and south-facing, thus maximizing the contrast be-
tion, we know that post-wildfire changes in snow accumula-tween incoming solar energy.
tion and melt can be substantial and ultimately determine the It is clear that wildfire and aspect can interact to produce
total amount and rate of snowmelt. alterations in snowmelt, soil thawing, soil temperature, and
Energy balance alterations following wildfire can also af- soil-water content. Far less is known about how these linked
fect soil temperatures. Removal of the forest canopy and thehermal and soil-water impacts control soil-water dynam-
insulating layers of litter and duff are the primary causes ofics and storage during the snowmelt season. Improved un-
soil temperature changes (Bonan and Shugart, 1989), whicterstanding of the timing and quantities of snowmelt-driven
is compounded by lowering of soil albedo after wildfire hydrologic processes is critical in fire-affected areas where
(Rouse, 1976; Walker et al., 1986; Chambers et al., 2005)snowmelt is a major annual hydrologic event, and hills-
The thermal properties of soils can also be altered by heatlope processes cascade to watershed-scale impacts. Sediment
ing during fire (Massman and Frank, 2004). Together, thesdransport has been shown to be 2 to 100 times greater in
factors can combine to produce increases in soil temperaturthe snowmelt freshet following wildfire (Silins et al., 2009).
following wildfire (Sweeney, 1956; Raison et al., 1986; Auld Much of the snowmelt-derived sediment transport increases
and Bradstock, 1996; Moody et al., 2007). During the pe-are the result of the sustained (i.e. 1 to 4 month) delivery of
riod of snow accumulation and melt, these soil temperaturevater to channels, which leads to transport of coarse-grained
increases cause earlier soil thawing (Bissett and Parkinsorsediment as bedload (Moody and Martin, 2001; Malmon et
1980). In areas with seasonal soil freezing, the timing of soilal., 2004; Reneau et al., 2007). Elevated streamflow from
thawing exerts major controls on snowmelt infiltration and snowmelt in burned areas can also impact stream channels
soil-water dynamics (lwata et al., 2010, 2011). by increasing nutrient export, removing periphyton, and al-
Alteration of hydrologic processes following wildfire has tering benthic macroinvertebrate assemblages (Minshall et
been well documented. This alteration results from, for ex-al., 2001). Recent reviews of wildfire impacts on water qual-
ample, changes in soil-hydraulic properties (e.g. Certini,ity have illuminated the potential detrimental consequences
2005), including soil-water retention (e.g. Stoof et al., 2010)for drinking-water supplies. These impacts are far reach-
and hydraulic conductivity (e.g. Nyman et al., 2010). The ing, including dissolved and particulate constituents (e.g.
partitioning of hydrologic fluxes into surface-water, ground- heavy metals and nutrients), organic matter, and other solutes
water, and evaporation can be substantially modified follow-(Gresswell, 1999; Smith et al., 2011; Emelko et al., 2011).
ing wildfire because of the changed soil-hydraulic proper-There have been many studies focused on soil-water storage
ties (Ice et al., 2004; Shakesby and Doerr, 2006) as well agn the unsaturated zone, including snowmelt-dominated en-
changes in canopy interception (Stoof et al., 2012). One ofvironments (e.g. Grant et al., 2004; McNamara et al., 2005;
the main consequences of shifts in hydrologic fluxes maySeyfried et al., 2009; Williams et al., 2009), but almost no
be modifications in soil-water storage. It is well establishedresearch has documented the distribution and persistence
that soil-water storage is important for many hillslope hy- of soil-water storage during the snowmelt season following
drology processes, such as runoff generation (e.g. Trompwildfire.
Van Meerveld and McDonnell, 2006a, b; Spence, 2007, Here we focus on the snowmelt and accompanying sub-
2010), groundwater recharge (e.g. Seyfried et al., 2009)surface hydrologic response at the hillslope scale in the first
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winter and spring after a fall wildfire. The study was designed 105°24'30"W 105°24'10"W

to consider the combined impacts of wildfire and aspect on Colorado, USA W
soil temperature and soil-water content during the snowmelt ¥\

. . . . aboulder 2300 m
season. Our analysis includes interactions between the soil 4020 |

105°23'50"W
L

thermal and hydrologic states that ultimately control soil- Folrmile
. . Canyon
water dynamics and soil-water storage. We also compare the Site

burned Fourmile Canyon results to the nearby @+6.km
away,~200 m higher elevation) unburned Gordon Gulch re-
search catchment of the Boulder Creek Critical Zone Obser-
vatory and discuss implications of the hillslope hydrology
changes for processes at the watershed scale.

40°1'50"N -

w
UBSTemp

200Meters

20 meter contour lines

1.2 Study area ‘ . ‘ ‘ ‘
< Ultrasonic snow ¢ Burned 7 Unburned  mcae. Fire boundary
depth sensor study sites study sites

The study area was the 2010 Fourmile Canyon Fire near [ Soutn-facing aspect North-facing aspect

Boulder, CO (Fig. 1) in the Colorado Front Range, USA

(see Ebel et al., 2012). After initiation on 6 September 2010,Fig. 1. Map of the experimental plots in the area affected by the
extremely dry conditions and high winds drove the rapid 201(_) Fourmile Canyon Fire_ near Boulder, CO, USA. Basemap from
spread of the wildfire, which eventually covered 2500 ha ang>heila Murphy, US Geological Survey.

destroyed over 160 residences before full containment on

13 September 2010 (FEST, 2010). High wind velocities and . . .
s : N ) . accumulation/melt behavior by aspect, with seasonal snow-
shifting wind directions resulted in a mosaic burn pattern of

low, moderate, and high severities (after Keeley, 2009) atpaCk development on nort_h—facmg slopes (i.e. lasting for
. . . weeks to months) and an intermittent snowpack on south-
ground level. Elevations in the burn perimeter range from

facing slopes (i.e. lasting for days following a storm). This
1940 m to 2620 m. g slopes (. 9 y '9 )- T
. . .. aspect-driven difference in snowpack typically results in a
The area has largely igneous geology. Soils are frigid ; . . .
: . . sustained melt-water input to the subsurface during a defined
Lamellic and Typic Haplustalf (USDA, 2010), or Luvisols . : .
. : g . melt season on north-facing slopes in contrast to pulsed in-
in the Food and Agriculture Organization of the United Na- .
. . . - puts of melt-water to the subsurface following storms on the
tions (FAO) naming convention, and are classified by par- )
. . south-facing slopes.
ticle size as a gravelly sandy loam (Moreland and More- . :
L . . We selected study plots with predominately north- and
land, 1975). Before the wildfire, vegetation was typical oftheSouth facing aspects at different hillslope positions (ridge
Foothill Pseudotsuga-Pinus ponderofarest (Peet, 1981) g asp e P 9

above the transition between foothills and montane ecosysf—ind midslope) for instrumentation and measurement (Fig. 1).

tems (Marr, 1961). Aspect had a strong control on pre_Study plot characteristics are presented in Table 1. We

. L . ) have described soils that have been impacted by wildfire as
wildfire vegetation in the area impacted by Fourmile Canyon,, p : ;
burned”, because partial or full combustion of some or-

Fire, with north-facing slopes dominated by asp&opu- ; h K | | h heati £ mi
lus tremuloide)y Rocky Mountain Douglas fir{seudotsuga ganic matter as taken place along W't. eating of min-
eral soil. Burned plots are south-facing ridge (SFR), south-

menziesiisubspecieglaucg, and Limber pine Rinus flex- facing midslope (SFM), north-facing ridge (NFR), and north-

ilis) and south-facing slopes dominated by ponderosa pin(? . . .
s ' . acing midslope (NFM). Unburned plots are on south-facin
(Pinus ponderosg(FEST, 2010). The pre-fire vegetation typ- ridgeg(UBSFlg) ;nd s)outh—facing r?ﬂslope (UBSFM) Ioca-g

|pally b.urnts V\.”t.h. njodergte t'o h|gh severity during wild tions. A temporary site (UBSTemp) was briefly established
fires, with fire initiation primarily driven by extreme drought : o . .
until research access permission could be gained for addi-
(Schoennagel et al., 2011). . ; : )
The strongly continental climate has cyclonic storms intlonal unburned sites with north-facing (UBNF) and south-
gy Y facing (UBSF) aspects in April 2011. This study was not a

the winter and localized, convective storms in the sum- p S .
L S = 0 true “fully-factorial” experiment, because there was no fully
mer, resulting in a double-peaked precipitation distribution.

with a peak in AprillMay and a second (smaller) peak in instrumented unburned north-facing slope for the entire study

July/August driven by the North American monsoon (Barry, foe:?]%u(;ae%:evelr)s'uzhgl;?r:gde’ngihf_of;g;edS?(;Jre?;‘%azz?:s d
1973). Mean annual precipitation 4500 mm at the Four- g slop

mile Canyon area (based on the 20-yr period of record a{] orth-facing versus burned south-facing slopes.

NADP site CO94 at 39.99, 105.48 W; National Atmo-
spheric Deposition Program, NADP, 2011). Approximately
60 to 75% of water flux to the subsurface is supplied
by snowmelt in this region of the Colorado Front Range
(Stewart et al., 2004). The study area has disparate snow
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Table 1. Experimental plot characteristics.

Plotname condition Aspect _Localsiope)  soi dept®  Sensor depiffs Measuremenfs
Range Mean (CM) (cm)
UBSFM Unburned Southeast 9-19 14 49 5,10, 15 TG-SWC, A-SWC,A-T, SWE
UBSTemp Unburned Southwest 12-23 16 - - TG-SWC
UBSFR Unburned  South 15-31 20.5 31 5,10 TG-SWC, A-SWC,A-T, SWE
UBSF Unburned  South 10-22 14 51 - TG-SWC
UBNF Unburned North 10-23 15 34 - TG-SWC
NFM Burned North 15-22 175 42 5,10, 15 TG-SWC, A-SWC,A-T, SWE
NFR Burned North 15-20 17 54 5,10, 30 A-SWC,A-T, SWE
SFM Burned South 12-19 16 30 5, 10, 30 A-SWC,A-T, SWE
SFR Burned South 12-22 18 30 5, 10, 30 TG-SWC, A-SWC,A-T, SWE

2 Soil depths are the maximum value from repetitively driving a steel rod to refusansor depths are for the Decagon 5TE sen§af&-SWC is
thermogravimetric soil-water content, A-SWC is automated soil-water content using the Decagon 5TE sensors, A-T is automated soil temperature using the
Decagon 5TE sensors, and SWE is snow-water equivalent.

2 Methods and UBSFM plots at 2-min temporal resolution at the depths
shown in Table 1. Sensors are offset in plan-view~N80 cm
2.1 Atmospheric and snow measurements with increasing depth of installation to minimize disturbance

of soil overlying the sensors, which makes individual plot
Snow depths (mm) and air temperatures were measured &ize ~1n¥ in terms of the plan-view footprint. The soil-
the NFM plot with a Judd Communications ultrasonic depth water content measurements from the Decagon sensors were
sensor (Judd Communications, Salt Lake City, USA) using 3-calibrated in the laboratory using disturbed soil samples with
min temporal resolution and a 1-h running mean of the datehe soil from each specific plot using the technique recom-
to smooth out noise, as recommended by Brazenec (2005)nended by Cobos and Chambers (2010). The Decagon 5TE
The snow depth sensor was installed at a height of 1.75nsensors estimate unfrozen water content and cannot be used
from the ground surface with the ultrasonic sensor posi-to estimate water content at soil temperatures below freez-
tioned normal to the slope. Measured ultrasonic snow depth#g without difficult and expensive calibration under freez-
were corrected using the slope geometry to a vertical (i.eing conditions (Yoshikawa and Overduin, 2005), so only wa-
Cartesian) snow depth. Manual measurements of snow deptier content estimates at soil temperatures abo¥€ @ere
(mm), SWE (mm), and snow density (mm mf were made  analyzed. Soil temperature was recorded to a precision of
using a ruled tubular sampler with four replicate samples at0.1°C. Volumetric soil-water content was estimated for the
approximately weekly intervals at all plots. SWE was de-top 3 cm of soil at selected plots (see Table 1) using thermo-
fined here as the liquid water equivalent contained withingravimetric methods (Topp and Fey2002). Four replicate,
the snowpack. Some storm events were not captured by thapproximately 60-g soil samples were collected at the se-
regular manual sampling, particularly on the south-facinglected plots on an approximately weekly sampling schedule.
slope which experienced complete melt within days of de-Spacing between the replicate core samples at each plot was
position. Snow density was reported as the ratio of SWE toapproximately 5cm. Samples were sealed in metal cans and
snow depth. The precipitation record from the nearby Sugarprocessed in the laboratory within 3h by drying at 105
loaf NADP site (CO94 at 39.9N, 105.48 W; NADP, 2011)  for 24 h. Samples were weighed before and after drying on a
was used as a complete record during the snowmelt season @igital balance to 0.001 g with an estimated errot6f005 g
understand trends when data from the ultrasonic sensor aner <0.01 %. Soil-water storage was estimated from the depth
manual SWE measurements were unavailable. Total precipiprofiles of soil-water content from the automated sensors us-
tation at the Sugarloaf NADP site from 1 December 2010 toing numerical integration (a trapezoidal approximation) with
1 June 2011 was 279 mm, which was just slightly above thethe assumption of uniform soil-water content from the 5-cm
mean precipitation (267 mm) for these same dates during th&ensor to the surface. This assumption was required because

period of record. the Decagon 5TE sensors cannot be installed shallower than
5-cm depth without compromising the accuracy. During the
2.2 Soil-water and temperature measurements period of observation of this work (i.e. winter and spring)

decreased evaporation lessens soil-water content gradients in
Soil-water content (fim~3) and soil temperatureC) were  the top 5cm of soil, thus making this assumption reasonable.

measured using Decagon 5TE sensors (Decagon Devices,
Pullman, WA, USA) at the NFM, NFR, SFR, SFM, UBSFR,
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2.3 Subsurface characterization and hydrologic amounts in November and December were insufficient to
properties build a seasonal snowpack on the north-facing slope. Most
of the seasonal snowpack developed during a prolonged cold
Local slope was measured with an inclinometer (Table 1).period in late January through early February with daily
Soil depth was measured by pounding in a steel rod to remaximum air temperatures below’@ (Fig. 2), combined
fusal. Multiple measurements (i.e. 3 to 5) were made at eackyith two relatively large snowfall events on 6 February and
plot and the maximum depth was recorded because largg February (Table 2). The subsequent disappearance of the
rocks embedded in the soill pl’Of”G would otherwise bias measeasonal snowpack around 3 March 2011 was caused by a
surements toward a smaller-than-actual soil depth (Table 1)warm period in late February and early March (Figs. 2 and 3).
Soil-water retention curves for intact cores were measured afhe decline in SWE coupled with increases in snow density
UBSFM, UBSF, UBNF, NFM, NFR, SFM, and SFR using at the north-facing plots (NFM and NFR) led to snowpack
the hanging column method (Dane and Hopmans, 2002a)disappearance on 10 March, reflecting microtopographic and
a pressure plate (Dane and Hopmans, 2002b), a dewpoidhading influences on snow accumulation and melt between
potentiometer (Gee et al., 1992), and a relative-humidity-the ultrasonic sensor and SWE plots (Figs. 3 and 4a, b).
controlled chamber (Nimmo and Winfield, 2002). The com-  The south-facing burned plots, in contrast, did not develop
puter program RETC (van Genuchten et al., 1991) was use@ seasonal snowpack, but melted off partially within days
to estimate van Genuchten (1980) parameters for the soilof storms and fully within a week. Field observations and
water retention data. Soil-water content at field capacity washotographs, for example, showed near-complete disappear-
estimated using the van Genuchten (1980) relations at a maance of snow on burned south-facing slopes within a week
tric potential of —340 cm, which is 0.33 bar (Richards and of the 8 February 2011 storm. SWE measurements, begin-
Weaver, 1944). While field capacity can differ greatly be- ning on 15 February, showed zero values in February and
tween soils, using-340cm is consistent with other stud- March at SFM and SFR. The unburned south-facing plots be-
ies and facilitates intercomparison between our work and rehaved differently than the burned south-facing plots in Febru-
sults from previous researchers. Porosity was estimated bothry and March, with the UBSFR plot accumulating a snow
as the soil-water content at saturation and using bulk denpack because it was in the leeward side of a ridge just be-

sity/particle density methods. low the crest, allowing wind deposition from the north-facing
o o slopes. This unique topographic position caused the UBSFR
2.4 Quantitative statistics plot to accumulate the largest seasonal SWE, yet achieve

Statistical analysis was conducted on the SWE and thermo][-n ore rapid SWE disappearance (22 February) than the north-

) . ; ; . acing slopes (Fig. 4a, b). The other unburned south-facin
gravimetric soil-water content data using two-tailed, two- g slopes (Fig ) g

X . I BSFM, h lightl ller sl Table 1 -
sample t-tests < 0.05) assuming unequal variances andet’ UBSFM, had a slightly smaller slope (Table 1) com

the D 5TE soil-wat tent and soil t t %)ared to the other plots and faces to the southeast, which may
on the Lecagon sot-water content and Sont lemperature, o o aiged in the accumulation of a brief seasonal snowpack
data using the non-parametric, two-sided Wilcoxon rank su

- . Mhat disappeared on the same day as UBSFR, on 22 Febru-
test (p < 0.05). The statistics toolbox in the Matlab software ary. The two-tailed t-tests could not reject (i.e. analyzing two

package was used for both methods. The null hypothesis fogites at a time) the null hypothesis that the SWE data for the
the t-test is that the two compared datasets are from the sal fferent sites were all from the same populatign<(0.05)

population, as determined by having the same mean and fof ;..\ .1y the small sample size< 11) is problematic for this
the Wilcoxon rank sum test is that the two datasets have th%1 nalysis
same median. A slightincreasing trend in air temperature (Fig. 3) and so-

lar insolation after mid March prevented re-establishment of

3 Results the north-facing snowpack, marking the transition where all
the slopes melted off rapidly regardless of aspect. The SWE

3.1 Airtemperature, precipitation and snow-water data for the storms on 12 and 13 April (Fig. 4a) and the snow
equivalent depth record near NFM (Fig. 3) also reflected this transition.

This pattern of rapid melt following storms on both north-
The meteorological forces driving both the accumulation andand south-facing aspects continued until the full transition to
melt of the less than 1-m thick seasonal snowpack on therecipitation falling as rainfall in early June. Total precipi-
north-facing slope are presented in Figs. 2 and 3. Maxi-tation from 1 November 2010 to 1 June 2011 was 326-mm
mum daily air temperatures declined from above’G0in water equivalent at the Sugarloaf NADP station.
early November to near/below 2@ around 10 November,
which also coincided with minimum daily air temperatures 3.2 Soil temperature
dropping to near/below TC (Fig. 2). This transition in air
temperature marked the precipitation phase shift from pre-Soil temperatures were lower and stayed frozen (i.e. be-
dominantly rainfall to snow (personal observation). Snowfall low 0°C) for longer on north-facing slopes, compared to

www.hydrol-earth-syst-sci.net/16/1401/2012/ Hydrol. Earth Syst. Sci., 16, 1401447, 2012
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Fig. 2. Time series of precipitation and air temperature from the nearby Sugarloaf climate station (CO94) operated by the NADP program.
The dashed red line marks C air temperature.

—Snow depth [, hr uning mean 30 Table 2. Major precipitation events (i.e. greater than 10-mm water
— Air Temperature [C] equivalent) at the field area during the study period from 1 Novem-
300 1 [ ber 2010 to 1 June 2010 based on the Sugarloaf NADP data (NADP
250 | 10 . site CO94 at 39.99N, 105.48 W; NADP, 2011). All events are
il snow except for the 17 May 2011 event, which is a rain/snow mix.
E 200 0 §
. e e
e 20 = '
100 1 | a3 6 February 2011  16.3
8 February 2011  15.7
501 F-40 12 April 2011 25.7
0 . . ‘ ‘ M . 13 April 2011 24.9
1Feb M 29Mar  26Ar  24May 22 April 2011 10.7
2011 201 2011 2011 2011 10 May 2011 38.9

_ _ _ ) 17 May 2011 27.7
Fig. 3. Time series of snowdepth and air temperature from the ul-

trasonic sensor at the north-facing midslope (NFM) plot.

north-facing plots (Table 3). South-facing burned slopes are
south-facing slopes. The onset of soil freezing was remarkihe warmest of the compared plots (Table 3).
ably similar, regardless of aspect, with shallow (i.e. 5-10cm) The end of frozen soil conditions was also impacted
freezing initiated approximately on 25 November (Fig. 5). by both aspect and wildfire. North-facing slopes remained
The primary difference between north- and south-facingfrozen nearly continuously until thawing in early to mid
slopes was that the north-facing slopes remained frozemMarch (Fig. 5). South-facing unburned slopes had intermit-
nearly continuously from late November to mid March while tent freezing from the end of the cold period in mid Febru-
the south-facing slopes thawed intermittently in response tary to early March at 5- and 10-cm depths and the south-
warm periods (Fig. 5). South-facing slopes did respond tofacing unburned slopes were more frequently frozen during
substantial cold periods however, as shown by the frozenhis period, relative to the burned slopes. The south—facing
conditions re-established during the early February cold peburned slopes only intermittently refroze at 5-cm depth, but
riod. Aspect-controlled differences for soil temperatures innever refroze at 10 or 30 cm after mid February. Compared
burned soils are shown by lower mean and median valueso burned north-facing plots, the south-facing burned plots
in Table 3 for north-facing slopes relative to south-facing thawed nearly a month earlier. Cessation of frozen condi-
slopes, by~2-3°C, from 1 November 2010 to 1 June 2011. tions on all slopes was approximately on 10 March (Fig. 5).
Effects of wildfire on soil temperature are shown by compar-Aspect and wildfire impacts drove major differences in soil
ing mean and median soil temperatures for the burned (SFMemperatures at 5- and 10-cm depths after the end of freezing
and SFR) and unburned (UBSFM and UBSFR) south-facingconditions (i.e. mid March through 1 June). Warm periods in
plots in Table 3. Unburned plots had lower mean and me-early to mid April and mid May illustrate how much warmer
dian soil temperatures, compared to the south-facing burnethe south-facing burned plots got in the near-surface (i.e. 5-
plots. In fact, the unburned south-facing plots had meancm depth) relative to the burned north-facing soils (Fig. 5).
and median soil temperatures that were more like burnedit 5-cm depth, south-facing burned plots were, on average,
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2.5°C warmer in April and 1.6C warmer in May compared 8 I !
to burned north-facing soils, and @ warmer in April and
1.3°C warmer in May compared to unburned south-facing
soils. The Wilcoxon rank sum tests rejected the null hypoth-
esis (p < 0.05) comparing each site against all others, essen-
tially showing significant differences between the site me-
dian soil temperatures. The large sample sizeafiged from
1.63x 10° to 2.0x 10 data points) makes the distribution
very well defined (i.e. constrained) and thus significant dif-
ferences should be shown even feralues approaching O.
Burned soils, regardless of aspect, had larger temporal
variability in soil temperature as indicated by the larger stan- 0
dard deviation ¢) values at SFM, SFR, and NFR-6°C) 100
compared to the-values at the unburned UBSFM and UB-
SFR plots {5°C) (see Table 3). The NFM plot hadsafor
soil temperatures closer to the value~e%°C for unburned
plots, which was likely the result of reduced solar insolation
because of shading resulting from convergent hillslope to-
pography. Damping of temperature fluctuations (i.e. reduced
amplitude) with increasing depth is shown by the smatler
values with depth (Table 3). Larger mean and median values
with increasing depth show, as expected, higher temperaturess

at depth in the winter (Table 3). 4 X

0 A |
. . . 1-Feb 1-M 1-A 1-M

3.3 Thermogravimetric soil-water content o011 2011 oot oo

- UBSFM

Snow Water Equivalent (SWE) [mm]
=N

80 1 N ~ NFM
SFR

~+- UBSFR
60 1 ~+~ UBSFM

40 1

ow Density (SWE/Depth) [%]

20 T

Dry soil conditions in November, which persisted from mid Fig. 4. Time series of snow measurements at the Fourmile Canyon
September to soil freezing (Moody and Ebel, 2012; Ebel etFire site. (A) Snow-water equivalent (SWEJB) Snow density
al., 2012), were largely unchanged during the frozen win-(SWE/snow depth).
ter conditions and only slightly increased at the onset of
the early March melt events (i.e. 5 to 12 March). The near-
surface (i.e. top 3cm) of soil, sampled by the thermogravi-5-10 cm scale) was captured by the between-sample differ-
metric soil-water content measurements, showed a large reences of the four replicates taken at each plot on a given day.
sponse to the mid April snowstorms for all burned and un-Immediately following the wildfire the fine-scale soil-water
burned plots, regardless of aspect (Fig. 6a). Drainage of soileontent variability, captured by the coefficient of variation
water and evaporation were more rapid at the south-facindCV), was high in the burned north-facing area, nearing a
burned plot (SFR), compared to the burned north-facing andralue of unity (Fig. 6b). Following the early March melt, and
unburned plots. The addition of the unburned north-facingcorresponding infiltration of snowmelt water, the variability
plot (UBNF, Fig. 1) in late April provided a comparison for in soil-water content in the burned north-facing soils declined
burned and unburned soils for both north- and south-facingconsiderably and approached the variability of the unburned
aspects. Unsaturated-zone hydrologic response to the 10 Magoils (Fig. 6b). Fine-scale soil-water content variability on
storm showed that peak soil-water content values were simthe north-facing burned slope from April though June was
ilar, 0.3 to 0.35m=3, for all soils regardless of aspect approximately the same as the unburned north- and south-
or wildfire impact (Fig. 6a). Similar to the response to the facing soils, regardless of snowmelt inputs, while the south-
mid April storm, the south-facing burned soil lost water by facing burned soils exhibited greater fine-scale variability, in
drainage and evaporation more readily than the other plotserms of larger CV (Fig. 6b). Controls of soil-water content
(Fig. 6a). The null hypothesis that the thermogravimetric dataon this fine-scale variability were minimal in the unburned
for the different sites (i.e. analyzing two sites at a time) weresoils, where CV appeared to vary independently of soil-water
from the same populationp(< 0.05) could not be rejected content, as shown by the blue-shaded area in Fig. 6¢. In con-
based on the two-tailed t-tests, although the small sample siz&ast, soil-water content had a moderate to strong control on
(n=11) is also an issue for this analysis. fine-scale variability in the north- and south-facing burned
Fine-scale variability in soil-water content, at the 5- to 10- soils as indicated by the red-shaded area in Fig. 6¢c. The CV
cm separation distances of the thermogravimetric samples owalues above 0.5 in Fig. 6¢ for the north-facing burned soils
a given day, undergoes a substantial shift from low to highwere all in the early November data and the snowmelt period
variability during snowmelt. This fine-scale variability (i.e. reduced the soil-water content control (i.e. wetness) on CV.
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Table 3. Statistics of soil temperature and volumetric soil-water content from the automated sensors (Decagon 5TE).

Plot Sensor Soil temperature®C) Soil-water content (fim—3)
name depth (cm) Mean o* Median Mean o* Median
UBSFM 5 3.2 48 15 0.15 0.05 0.14
UBSFR 5 3.9 49 28 0.13 0.05 0.11
NFM 5 2.3 51 14 0.12 0.04 0.12
NFR 5 29 6.0 1.1 0.13 0.04 0.14
SFM 5 5.6 6.1 4.0 0.14 0.05 0.14
SFR 5 4.6 59 26 0.19 0.05 0.18
UBSFM 10 35 41 24 0.14 0.04 0.13
UBSFR 10 4.1 42 35 0.14 0.07 0.13
NFM 10 3.2 46 2.8 0.12 0.04 0.13
NFR 10 2.7 50 15 0.16 0.05 0.17
SFM 10 51 52 41 0.17 0.04 0.17
SFR 10 4.7 51 34 0.18 0.04 0.18
UBSFM 15 3.9 3.7 31 0.13 0.04 0.12
NFM 15 29 44 25 0.12 0.05 0.13
NFR 30 35 38 33 0.12 0.07 0.06
SFM 30 5.8 35 57 0.17 0.05 0.16
SFR 30 5.0 40 46 0.17 0.04 0.16
* Standard deviation.
3.4 Automated soil-water content Large and rapid increases in soil-water content, above field

capacity, happened in mid February following the frozen pe-
Soil-water content dynamics during snowmelt were con-od for south-facing burned and unburned slopes. This shift
trolled primarily by aspect, and less by wildfire impacts. in soil wa_ter response was presumab_ly d_ue to_ soil thawing.
The soil-water content at field capacity (i-e340 cm) based North-facing slopes did not show a rise in soil-water con-
on retention curve measurements at each plot and RETCENL In response to thawing until early March, _and the.re-
estimated van Genuchten (1980) parameters are shown aponse was more gradgal and great!y reduced in magm_tude
dashed lines in Fig. 7. All plots were relatively dry in early relative t,o the south-fac_:lng slopes (Fig. 7). The porth-facm.g
November (two months after the fire), especially at the shal-fSIOpes did not have soil-water _content_s ab_ove field capacity
low 5- and 10-cm depths, reflecting the prolonged dry pe_ll’l response to the March thawing period; it took more than
riod preceding and following the wildfire. Snowfall totaling amonth longer, .unt|l the response to the .12_13 Apr!l storms
18 mm (SWE) between 9 to 22 November that melted and infor the north-chmg slopes to rise above fleld—capam_ty. Both
filtrated caused rises in soil-water content on the burned an(tjhe 12-13 April, 10 May and ].'7 May storms drove soil-water
unburned south-facing slopes and also at NFR, but did nofontents at all plotg above f|e'ld Capac't.y and all plots, ex-
considerably affect NFM (Fig. 7). The rise in soil-water con- cept UBSFM, remained near fl_eld capacity at the end of the
tent at SFR and SFM from this November storm was ahead 0§nowmelt season on 1 June (Fig. 7). :
UBSFM and NFR by several days. Because soil-water con- North-facmg slopes tended to be dne_r than_ the south-
tent is not shown when soil temperature was less thad, 0 facing slopes, based on mean apd median soH-vyater con-
there are large gaps in the soil-water content record for thd®Mts (Tf”lble 3)- Thg null hYpOthESIﬁ €0.05) was rejegted,
north-facing slopes in Fig. 7, which are shown by the darkcomparing each site a_gamst aII_othe_rs, _t_)y the Wllcoxon
blue bars in the figure. North-facing burned slopes had esser{;ank sum test; esser_ltlally _showmg S|gn|f|cant_ d|_fferences
tially the same soil-water content at the start of thaw in early e_tlween the site dmedlar:] sI0|I—water c?nte_nts. Sm(‘;'?r to the
March as when the soil froze in December, suggesting thaloé telrgsperatzuge 1%5‘3" dt € large sampke sm?hgg .g"“.“
soil-water dynamics were minimal during this three-month ~°* to e ata pO.IntS) makes t € |s_t'r| ““0’?
period. In contrast, the burned and unburned south-facinqery well defined (i.e. constrained) and thus 5|gn|f|car!t dif-
slopes remained hydrologically active, in terms of dynamic erencl_elz(s Sh(_)IUId be shown e;]ven ipivalues apk?roachlr%_f
soil-water contents, throughout the period from Decemberto]?' Unii € sol —tt.arrt;pl_era.ture,.lt ere wereé no sg _stantl;a "=
early March, punctuated by periods of intermittent freezing erences 'IIr:j f\_/ang lity In so' -v(\j/ater Egnt?nts .r|vert])| y3as—
(Fig. 7). The burned and unburned south-facing soils behave§€Ct Or wildfire impacts, based on thevalues in Table 3.

similarly during December to early March, although UBSFR g'here qlre no major d|fferk()ances betr\:veﬁn thedmegn agd mec;
had very little change in soil-water during this time. lan soil-water contents between the burmed and unbume
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Fig. 5. Soil temperature time series from Decagon 5TE sensors as colored bars with black dots denoting frozen soil. Note that the 2-min
temporal resolution gives the black dots denoting frozen conditions the appearance of broken lines.

south-facing plots, although UBSFR was drier overall, pos-peak between 0.13 to 0.15m~2 and slight shift and long
sibly because of its ridgetop position and shallow, well- tail towards the higher soil-water content range.

drained soils. Probability histograms of soil-water content at

the plots further illustrate differences in soil-water dynamics 3.5 Unsaturated storage

between plots (Fig. 8). NFM had a strongly bimodal distri- . ) )
bution of soil-water contents, with low soil-water contents Unsaturated storage, estimated by integration of the auto-
(6 <0.1m¥m~3) in the pre-melt period and high soil-water Mated soil-water content measurement profiles, mimicked

contents § > 0.1 m# m~3) in the post-melt period. NFR did the soil-water content trends shown previously (see Fig. 9).
not have the same bimodal distribution as NFM, instead drySouth-facing burned plots had large increases in soil-water
conditions persisted at the 30-cm depth and then abruptiyptorage beginning in mid February at the initial major thaw
shifted to very wet conditions along with the 5- and 10-cm With large increases in soil-water storage, especially at the
depths, which is also shown in the time series in Fig. 7. SFR30-cm depth, from the 12-13 April, 22 April, 10 May, and
had a slightly bimodal distribution of soil-water content, sim- 17 May storms (Fig. 9). North-facing burned plots had slow
ilar to NFM, but with far fewer values at low soil-water con- fises in soil-water storage with the initial thaw in early March
tents and more values at high soil-water contents, reflecting’nlnd much Iarg_er increages in soil-water storage in response to
the earlier melt, and thus more time was spent in a wet statéh® 12—13 April, 22 April, 10 May, and 17 May storms. UB-
compared to the north-facing slopes. SFM had a pronounceé;FM had essenpally the same trends in soil-water storage
lower soil-water content peak in the distribution for the 5-cm @S the south-facing burned plots. The UBSFR plot showed
depth, reflecting the slow transition from dry to wet during & SIOW rise in soil-water storage in mid-February and re-
melt water inputs (relative to SFR) (Figs. 7 and 8). The UB- sponded to the same spring storms as the other plots. Unsat-
SFER soil-water content distribution was more uniform than Urated soil-water storage at the end of the season (i.e. 1 June)
the other plots, but shifted overall to drier conditions. At Was remarkably similar for all plots, with total water at

UBSFM, the soil-water content distribution shows a distinct 4€Pths of 0-10 cm amounting to approximately 2 cm at SFM,
SFR, UBSFM, and UBSFR and slightly lower total amounts
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the north-facing NFR plot (approximately 5.2 cm) based on

1A —° Unburned South-Facing Midslope, UBSFM (Fall, 2010)
&= 04 3 = Burned North-Facing Midslope, NFM the 0 to 30 cm storage amounts at depths of 0 to 30 cm.
f —#- Burned South-Facing Ridge, SFR
£ 1 = Unburned South-Facing, UBSTemp
€ 03 + ™ Unburned North-Facing,UBNF
2 — Unburned South-Facing, UBSF 4 Discussion
g El
o
g 02 % . . .

S The goal of this research was to examine the soil-water
5 3 dynamics, soil-water storage, and soil temperature changes
013 during the snowmelt season following wildfire in a mon-

ﬁ / tane environment. Because of the important role of aspect
01'N /1/;/I 1=A 1=M o in snowmelt-driven hydrologic processes and soil tempera-
-Nov -Mar -Apr -Ma -Jun N " n N
2010 2011 201‘1’ 2011y 2011 tures, we instrumented north- and south-facing plots in this
Lot B study. In this section, we present important conclusions from
g our results, discuss the context of our findings relative to pre-
§ o8 vious work, and introduce broader-scale implications of our
5 research.
% 06
o . .
® 4.1 Soil-water dynamics and unsaturated storage
o
s 04
s In the top 3 cm of soil peak soil-water contents in response
®© . .
g 02 to April and May snow storms (as determined by the ther-
£ .\t / mogravimetric soil-water content measurements) were sim-
% 05 4,’{/' o " - ilar regardless of aspect or wildfire impact, although the
S 2010 2011 2011 ors” 201 largest peak soil-water contents were for the south-facing
1 c T =——v" unburned slope, UBSF (Fig. 6). South-facing burned slopes,
- ° nburne: outn-racin laslope . .
= . UBSFM (Fau,zoﬁ’o) P however, had more substantial water loss by drainage and
§ 08| , a = Burned North-Facing Midslope, NFM evaporation in the top 3 cm following peak soil-water con-
5 :Eﬁ;gifnig”S”;'qu_C'Fr;gciig’gjégismp tents, compared to unburned south-facing and burned and
% 06| = Unburned North-Facing, UBNF unburned north-facing slopes (Fig. 5). At greater depths, ob-
£ . 4 Unbumed 5°“th'Fa°'”g UBzF served by the automated soil-water content sensors, aspect
c P urne! . . . . .
g o04p | Unbumed played a stronger role than wildfire in dictating the onset
s i . . of soil-water content increases during spring thaw (Fig. 7).
% 02| zuf o3 = ., North-facing slopes were drier than south-facing slopes dur-
k=) £ o .-l A - a e .l. . - - . . .
& ety W Tad e, 2 ing the snowmelt period (Figs. 7 and 8). For south-facing
Q = . .
S o plots, mean and median soil-water contents from the au-
0 0.1 0.2 0.3 0.4 0.5

tomated sensors showed little impact from wildfire effects.
This result is consistent with other wildfire research in the
Fig. 6. Thermogravimetric soil-water content from the top 3cm of Rocky Mountains of Colorado during the snowmelt period.
soil. (A) Time series of soil-water content at selected plots. Error For example, Moody et al. (2007) found no significant dif-
bars represent the standard deviation of four replicate measuremenferences in soil-water content measured at burned and un-
at each plot(B) Time series of the coefficient of variability of soil-  burned plots using time-domain reflectometry (TDR) in the
water content for the four replicate samples at each sampling dateyinter of 2003—2004. Obrist et al. (2004) measured soil-
© Gre_lph of the coefﬁcien_t of variability of soil-water content as ater contents using TDR in burned and unburned plots in
ilc];l:é]?kt\gtnthog tti?r?eZ‘sg‘lg:&;“’x&e&;ﬁg&”é:g;ktz?rtoi?mz"gr? ddoafte'a sagebrush ecosystem and found lower soil-water contents
o (and consequently lower soil-water storage) during the win-

November 2010 to the beginning of March 2011. . .

ter months, which they attributed to decreased snow accumu-

lation in their burned plots.

Soil-water storage at the end of the snowmelt season was
at depths of 0—-10cm of approximately 1.3 to 1.7 cm at therelatively unaffected by aspect or wildfire, essentially con-
north-facing NFM and NFR plots (Fig. 9). The unburned UB- verging to the value at field capacity. Values of field capacity
SFM plot held more water at the end of the snowmelt seasonvere slightly different at each plot (Fig. 9). This finding is
than the burned north-facing NFM plot based on the stor-important because it suggests that the very dry soil condi-
age amounts at depths of 0 to 15cm. The two south-facingions that could limit plant regeneration, established before
burned plots SFM and SFR stored more soil-water at the endhe wildfire and exacerbated in the top 5 cm during the wild-
of the snowmelt season (approximately 6 cm) compared tdire (Moody and Ebel, 2012), can be erased during snowmelt.

Soil-Water Content [m* m=]
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It should be noted that the snowmelt season is typically the
0.4, wm Soil T5<cr°n°C Gem  NFR apex of soil-moisture in montane environments of the Rocky
I Mountains. At our field site, it appears that water supply to
the subsurface during the snowmelt season was sufficient to
drive soil-water content above field capacity, resulting in sub-
stantial soil-water storage at the end of the snowmelt season,
regardless of aspect or wildfire effects. Our results showed,
however, that wildfire effects and aspect can have strong con-
trols on the timing of increased soil-water storage in response
to spring thawing and melting of the snowpack. We found
that south-facing burned plots had larger magnitude increases
in soil-water storage relative to unburned south-facing slopes
in response to spring thawing. Our results also showed that
increases in soil-water storage were both earlier and larger in
magnitude on burned south-facing slopes relative to burned
north-facing slopes. These results, in terms of aspect con-
trols on the onset of soil-water storage dynamics, are consis-
tent with previous work at unburned plots, with south-facing

10 cm

0.3 30 cm

E 024 - i slopes having earlier onset of snowmelt than north-facing
o1 Vi I slopes (Grant et al., 2004, Litaor et al., 2008; Williams et al.,

= 2009). The paucity of other studies documenting wildfire im-

£ 01 pacts on soil-water storage prevents comparative assessment
3 04- of our work in terms of wildfire effects.

*;n‘i 03

.U—é) 0.2 4.2 Soil-temperature changes

0.11 . .
1 Our observations of soil temperature showed that aspect has

01 a large impact on soil-temperature, with south-facing burned
0.4- I slopes being~1 to 2°C warmer than north-facing burned
slopes, reflecting a difference in solar insolation. Other inves-
| | tigators found similar results on unburned slopes. For exam-
0.2+ - ple, Franzmeier et al. (1969) measured°C warmer soils

on south-facing slopes in the Appalachian Plateau, USA.
I The work by Kang et al. (2000) documented that the daily
01 maximum-minimum soil temperature range and the daily av-
erage soil temperature were larger on south-facing slopes (in

0.3

0.1

4 i a non-wildfire impacted area in a deciduous forest in Korea).
0.3 AT Kang et al. (2000) also noted that the aspect differences in
0.2] A Vi soil-temperature disappeared as the vegetation canopy closed
TR later in the growing season, which suggests that canopy re-

oM A T [ moval by fire is a main driver of soil-temperature differences

0 by aspect, exacerbating solar insolation differences between
1-Nov 1-Dec 1-Jan 1-Feb 1-Mar 1-Apr 1-May 1-Jun aspects in unburned areas.

2010 2010 20m zolgatezw 2011 2011 2011 We also observed, on average]l—2°C higher tempera-

tures on south-facing burned slopes, relative to south-facing

Fig. 7. Automated soil-water content time series from the Decagonunburned Slo_pes’ and_larger temp«_arature Va”ab.mty in burned
5TE sensors at 1-min temporal resolution. Water content data aréIOpeS' Previous stud|e.s sh(_)wed increased soil temperatures
omitted when soil temperature is belowf©, which is shown by because of decreases in soil albedo (Chambers et al., 2005;
dark blue bars. The dashed line shows the soil-water content at fiell®0Use, 1976). Soil albedo reductions can be relatively large
capacity ¢) based on measured retention curves (one per site) an@fter wildfire, for example, Rouse (1976) documented a de-
van Genuchten (1980) relationships at each plot. No retention curverease from 0.19 to 0.05 after wildfire and Chambers et
was measured for UBSFR so fig. value is available. al. (2005) measured burned soil albedos as low as 0.04. It has
also been suggested that surface soil temperature increases
following wildfire also result, in part, from incident radiation
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Fig. 8. Probability histograms of automated soil-water content data from the Decagon 5TE sensors.

being distributed over a smaller surface area after devegetawhich facilitated comparison of the unsaturated hydrologic
tion (Chambers et al., 2005). response at these two sites. The snowmelt-driven soil-water
The soil-temperature changes observed here after wildfirelynamics at these two sites differed greatly. Subsurface flow
could substantially affect landscape and ecosystem functiorprocesses for the unburned Gordon Gulch site showed strong
Soil temperature changes can increase carbon fluxes froraspect-affected differences, with north-facing slopes domi-
soils to the atmosphere (e.g. Trumbore et al., 1996) and afrated by diffuse unsaturated flow (i.e. through the soil ma-
fect nutrient availability (van Cleve et al., 1983). Soil tem- trix) and south-facing slopes dominated by event-driven pref-
peratures can affect soil-water retention, which can enhancerential flow in the unsaturated zone (Hinckley et al., 2012).
drainage of soil-water (Nimmo and Miller, 1986). For ex- These process distinctions at the unburned Gordon Gulch site
ample, Klock (1972) found that increasing the temperaturewere supported by tracer data. South-facing soils remained
of a soil column near freezing caused a significant decreasdry while north-facing soils were wetter at Gordon Gulch and
in water retention. Soil temperature is also important for rootthese differences persisted through the entire snowmelt pe-
growth (e.g. Kasper and Bland, 1992; McMichael and Burke,riod to June 2010. The burned Fourmile Canyon Fire site ex-
1998) and can affect plant phenology (e.g. Walker et al.,amined in this study showed the opposite response, with drier
1995; Price and Waser, 1998). Increased soil temperaturesorth-facing slopes during the spring thaw and convergence
after wildfire can also influence important vegetation recov-of slopes to similar soil-water contents near field capacity re-
ery processes such as seed dormancy breaking and gerngardless of aspect or wildfire effects. While tracer data were
nation (Auld and Bradstock, 1996). The potential for eco- not collected to examine preferential flow at the Fourmile
logic and landscape function impacts or impairment, result-Canyon site, the soil-water content and soil-water storage
ing from soil temperature increases following wildfire, exists data suggest predominantly diffuse unsaturated flow on both
at the watershed scale for a broad range of processes. Our reerth- and south-facing plots for burned soils. Soils and veg-
sults suggest that in the snowmelt season, wildfire effects omtation communities are similar between the two sites. The
soil temperature and concomitant process changes would b&ordon Gulch site was instrumented during snowmelt sea-
most pronounced on south-facing slopes. son of 2010, the year prior to Fourmile Canyon site, when
precipitation from 1 December to 1 June was 304 mm, which
4.3 Comparison of soil-water dynamics to the unburned  was 25 mm more than at the Sugarloaf NADP during the pe-
Gordon Gulch field site riod considered for the Fourmile Canyon site presented here.
The reasons for the contrasting hydrologic behavior during
Gordon Gulch research catchment, which is part of the Boul-snowmelt between the burned Fourmile Canyon area and the
der Creek Critical Zone Observatory, was instrumented inunburned Gordon Gulch area could be, for example, wild-
the spring of 2010 to examine snowmelt dynamics and ni-fire impacts on subsurface preferential flow. Ash from wild-
trogen cycling. The unburned Gordon Guich site was closefire has been demonstrated to minimize preferential flow by
(i.e. ~6 km away,~200m higher elevation) and was sim- clogging macropores (Neary etal., 1999; Woods and Balfour,
ilarly instrumented to the burned Fourmile Canyon site, 2010), potentially preventing substantial water flux passing
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12 through those macropores (Woods and Balfour, 2010). An-
NFR I other possible explanation is reduced soil structure and soil-

8 — §_°1"OTC<mO°C i water retention following wildfire. Heating of soil by fire has
0-30 cm I been shown to cause changes in porosity (e.g. Stoof et al.,

2010), aggregate stability (e.g. GereCorona et al., 2004;
Bento-Gongalves et al., 2012), and soil structure (e.g. De-

4 L
Jt :'“f v M Bano et al., 1998; Mataix-Solera et al., 2011). Analysis of
T —— I the soil-water retention data from the burned south-facing

NFM slopes in the Fourmile Canyon area showed porosity losses of
~0.1 (m* m~3) and decreased soil-water retention at matric
81 0-10 cm potentials greater than field capacity (Figs. 7 and 8), com-
1 0-15 cm pared to unburned slopes. Given that soil structure is known
44 to promote macropore flow (e.g. Flury et al., 1994; Ghodrati
and Jury, 1992), the loss of structure following wildfire at
0 S ‘ i ‘ A the south-facing Fourmile Canyon sites may have impeded
12 preferential flow initiation. Thus, the presence of ash at the
SFR burned Fourmile Canyon plots or reductions in soil structure
that serve as preferential flow paths may explain why pref-
| 0-30 cm erential flow did not occur as a dominant process on south-
4l h M facing slopes, in contrast to unburned Gor_dor_l Gulich. This
+ R A study only documented the first year after wildfire, when im-
'\.mrwm Ko A W pacts are typically most pronounced; the wildfire-driven dif-
T w w ferences in preferential flow significance between the burned
Fourmile Canyon and unburned Gordon Gulch sites may dis-
sipate as the Fourmile Canyon area recovers.

8 0-10 cm -
0-30 cm NMW 4.4 Implications for watershed-scale processes
4 F\‘FM S wmy, I

g Pt Our results suggest that south-facing burned slopes experi-
o 1 T 1 ‘ ence an earlier thaw, accompanied by a rise in soil-water
12 content, compared to both unburned south-facing slopes and
UBSFR burned north-facing slopes. In particular, the soil-water con-
tents (Fig. 7) at SFM and SFR rise above field capacity for
sustained periods of time, suggesting groundwater recharge
may be occurring at these plots for longer durations rel-
4 ative to NFR, NFM, UBSFM, and UBSFR. Research by

_m,___.,r'*dk Bossong et al. (2003) showed that groundwater recharge in
0~——’11”:—'F313H—_—J - : : semi-arid environments in the Front Range of Colorado is

12 highly seasonal, with most of recharge occurring during and
UBSFM after snowmelt. Changes in groundwater recharge are then
8 040 om likely to be one of the most substantial watershed-scale im-
] 0-15 cm pacts of the aspect and wildfire-effect driven soil-water dy-
" namics during the snowmelt season that we have observed
’Ejhim:: L fﬁﬁ}?&’\m at the hillslope scale. Our findings suggest that in montane

environments affected by wildfire, snowmelt-driven ground-

Soil-water storage [cm]

0-10 cm

[N | .
10 | 1 ; 1 \ | 1 1 \ ) \ ) water recharge may be greater in burned areas, and great-
by oeo e Iteo Diar Tapr They Lo est on burned south-facing slopes. We do not, however, have
Date deep wells (i.e. 10’s to 100’s of meters) to document water

table rises. Thus, our connection of near-surface soil-water
Fig. 9. Soil-water storage during the snowmelt season based orflynamics to larger scale groundwater system responses is
trapezoidal integration of the depth profiles from the Decagon 5TESpeculative.
sensors. Storage estimates are not calculated when soil temperature Previous work on post-wildfire groundwater recharge sug-
is below 0°C, which is shown by dark blue bars. gested that recharge rates may be greater after fire (Bel-
lot et al., 2001), which was attributed to decreased transpi-
ration fluxes. After plant populations recover, however, the
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post-wildfire plant succession can cause decreased rechardéarch, while both burned and unburned south-facing slopes
relative to pre-wildfire vegetation assemblages, as was obthawed intermittently throughout the winter and achieved
served by Obrist et al. (2004) in a snowmelt-driven rechargeseasonal thaw~1 month earlier than north-facing burned
environment. Plant population recovery then places a stronglopes. Soil-water dynamics were impacted by both aspect
control on the duration of potential increases in post-wildfire and wildfire, with more rapid soil-water content increases
groundwater recharge. At the Fourmile Canyon field areaon south-facing burned slopes compared to same-aspect un-
characterized in this study, vegetation recovery is com-burned slopes, and more rapid rises on south-facing burned
plex. In the first summer after the wildfire (i.e. follow- slopes compared to north-facing burned slopes. Histograms
ing the snowmelt period), striking differences existed in of soil-water contents show that south-facing slopes were
the vegetation regrowth on burned south- and north-facingnore frequently wet (i.e. higher soil-water contents) than
slopes. By mid-summer 2011, the south-facing slopes weraorth-facing slopes, which was likely the result of the ear-
covered with dense vegetation comprised of weedy aniierthaw on south-facing slopes. Soil-water storage increased
nuals such as mulleinverbascum thapsiislamb’s quar-  earlier in response to the earlier thaw on south-facing slopes,
ters Chenopodiunspp.) and tumble mustar@&isymbrium  relative to north-facing slopes, however soil-water storage
altissimum and perennial species such as larkspDel{  was similar regardless of aspect or wildfire impacts at the
phinium nuttalianuh and bee balm Monarda fistulosg end of the snowmelt season in early June.

which probably resprouted from undamaged underground

roots. By contrast there was little growth of any vegetation
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