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Abstract:
Clearcut, burned, and undisturbed lodgepole pine forests in southwestern Montana were studied to
determine if forest fire increased snow accumulation and ablation rates on the forest floor. Snow depth,
snow density, and snow water equivalence data were collected at each plot throughout the ablation
period during the 1992 snow season and the accumulation and ablation periods during the 1993 snow
season. Forest variables including percent canopy cover, basal area and tree heights were measured
during the 1992 summer season to assess the effects of forest cover on snow variables. Results suggest
that burned forest canopy reduction results in a 9 percent increase in snow water equivalence
accumulations as compared to mature forest stands; forest canopy reduction in burned forest stands
produces ablation rates which are as much as 57 percent greater than in mature forest stands; and forest
fire produces a forest structure which approximates the effects of clearcut openings on snow
accumulation and ablation. 
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ABSTRACT

Clearcut, burned, and undisturbed lodgepole pine forests 
in southwestern Montana were studied to determine if forest 
fire increased snow accumulation and ablation rates on the 
forest floor. Snow depth, snow density, and snow water 
equivalence data were collected at each plot throughout the 
ablation period during the 1992 snow season and the 
accumulation and ablation periods during the 1993 snow season. 
Forest variables including percent canopy cover, basal area 
and tree heights were measured during the 1992 summer season 
to assess the effects of forest cover on snow variables. 
Results suggest that burned forest canopy reduction results in 
a 9 percent increase in snow water equivalence accumulations 
as compared to mature forest stands; forest canopy reduction 
in burned forest stands produces ablation rates which are as 
much as 57 percent greater than in mature forest stands; and 
forest fire produces a forest structure which approximates the 
effects of clearcut openings on snow accumulation and ablation.
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INTRODUCTION

Snowpack accumulation and ablation rates in mountainous 
environments are influenced by many variables including annual 
weather, elevation, topography, and vegetative type and 
density. Variation in vegetation type and density affect 
accumulation and ablation rates by creating differences in 
interception of snowfall, alteration of wind velocities, and 
differences in the amount of scattering, absorption, and 
emission of radiation (Bohren, 1972). The changes that fire 
induces in vegetation should also effect accumulation and 
ablation of snow as compared to pre-fire conditions. The 
objective of this study was to measure those precise changes. 
Potts, Peterson, and Zuuring (1985) and Fames and Hartman 
(1989) produced models for watershed runoff following forest 
fire which showed increased water yields from burned areas. 
These models are, however, largely theoretical and based on 
hydrologic records and minimal field data. Fire-altered 
canopies are a common forest type in the Rocky Mountain region 
and yet few field studies have addressed the effects of fire- 
altered canopies on snow accumulation and ablation.

There is a strong correlation between canopy density and 
the accumulation and ablation patterns of snow (Kittredge, 
1953; Fames, 1971; Packer, 1971; Gary and Troendle, 1982; 
Potts, 1984; and Hardy and Hansen-Bristow, 1990). Dense,
closed canopy, coniferous forests represent one extreme with 
minimal snow accumulation and maximum snow retention during
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the ablation season. Openings within the forest represent the 
other extreme with greater snow accumulation and high ablation 
rates except where wind scouring removes snow from the ground. 
Leafless deciduous canopies represent intermediate canopy 
coverage and subsequently accumulate more snow but exhibit 
greater ablation rates than coniferous canopies (McKay, 1968; 
Doty and Johnson, 1969; and Federer and Leonard, 1971). I 
expected fire-altered canopies, which consist of leafless 
branches and blackened trunks, to produce snow accumulation 
and ablation rates similar to deciduous canopies or clearcut 
openings.

Objective of Study

The objective of this research was to determine the 
effect of a fire-altered forest on snow accumulation and 
ablation. In order to accomplish this, I addressed the 
following hypotheses: I. There is a measurable increase in the 
snow water equivalence (SWE) within a fire-altered coniferous 
forest canopy at peak accumulation as compared to an unburned 
coniferous canopy; and 2. Within fire-altered coniferous 
forest canopies, ablation rates are increased relative to 
unburned coniferous forest canopies. These hypotheses were 
tested by measuring the spatial and temporal variations in 
snow depth, density, SWE, and ablation rates in three areas: 
a burned lodgepole pine forest CPinus contorta var. 
latifolia), an undisturbed lodgepole pine forest, and a
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clearcut opening.

Previous Studies

Most previous studies of snow distribution in forest 
environments have addressed those factors which influence the 
volume and timing of runoff (Hibbert, 1967; Troendle and King, 
1985; and Gottfried, 1991). These previous studies have 
focused on variations in accumulation and ablation patterns 
among clearcut areas, undisturbed coniferous forests, and 
undisturbed deciduous forests. The studies have shown that 
snow accumulates more readily and ablates more rapidly in 
clearcuts than in undisturbed forests. Deciduous forests 
accumulate and ablate at intermediate rates when compared to 
clearcuts and undisturbed coniferous forests.

Greater snow accumulation in clearcuts as compared to 
surrounding forests has been well documented (Wilm and 
Dunford, 1948; Gary, 1980; Troendle and King, 1985; Golding 
and Swanson, 1986; Berris and Harr, 1987). The increase has 
been attributed to a decrease in the amount of snow 
intercepted by the forest canopy and subsequently lost by 
sublimation (Satterlund and Haupt, 1970; Kolesov, 1985; and 
Schmidt and Troendle, 1992), an increase in snow gained from 
wind redistribution processes (Gary, 1975; Troendle and 
Meiman, 1984; and Golding and Swanson, 1986), or a combination 
of interception and redistribution phenomena.

Studies which have focused on snow accumulation in
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clearings and adjacent forests have shown large variations in 
their results (Meiman, 1970). This variability prompted many 
subsequent studies which focused on the effect of the size and 
shape of clearings on snow capture. Snow transported by wind 
during storms is more likely to fall in clearings because of 
the eddy effect associated with the clearing (Gary, 1975). 
Circular and strip cut clearings have been examined to 
determine the optimal shape and size for maximizing SWE 
accumulation to augment water supply. The diameter or width 
of clearcut openings is generally expressed using the average 
tree height of the adjacent forest (H) as units of distance. 
Kattelman (1982) found that openings of IH to 2H (i.e., 
between one and two tree heights in width) produce the 
greatest snow water equivalent (SWE). Accumulation was found 
to be further enhanced by orienting strip cuts perpendicular 
to the prevailing wind direction (McGurk and Berg, 1987). 
Larger strip cut clearings exhibited gains on the windward 
side of the clearing but losses due to wind scour on the 
leeward margins (Troendle and Meiman, 1984).

Greater snow accumulation in clearcuts has also been 
attributed to a decrease in the amount of snow lost by melt or 
sublimation from snow intercepted by the forest canopy. Tree 
crowns intercept and retain falling snow until it slides from 
the branches, melts and drips off, or is sublimated to the 
atmosphere. Golding and Swanson (1986) compared two adjacent 
sub-basins and found decreased interception to be the dominant
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factor resulting in increased SWE in one sub-basin and 
redistribution in the other. Haupt (1979) studied the effects 
of clearcutting on snow water storage in northern Idaho and 
found a 56 percent increase in peak accumulation, most of 
which resulted from a decrease in interception losses. 
Between 5 and 60 percent of snow intercepted by conifer crowns 
may be sublimated rather than accumulated below the canopy at 
forest sites (Satterlund and Haupt, 1970; Kolesov, 1985; 
Wheeler, 1987; and Schmidt and Troendle, 1992). Troendle and 
King (1985) found that two thirds of the snow water equivalent 
gains in clearcuts is due to decreases in sublimation from 
intercepted snow and one third is due to increased deposition 
generated by clearcuts.

Other studies have compared the effects of varying forest 
densities on accumulation to determine the importance of 
interception losses. Potts (1984) concluded that snow 
accumulation is inversely proportional to canopy density as 
determined by forest thinning practices. Gary and Troendle 
(1982), Troendle and Meiman (1984), and Hardy and Hansen- 
Bristow (1990) also found an inverse relationship between 
canopy and snow accumulation and argued that, in their 
studies, interception is the primary factor controlling 
variability of snow accumulation.

Canopy density can be altered by the seasonal loss of 
leaves in deciduous forests or by forest fire which removes 
needles and twigs in coniferous forests. Deciduous forest
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canopies, without leaves during the snow season, may simulate 
the effects of fire on SWE accumulation in a coniferous 
forest. Jeffrey (1968) noted that snow accumulation is 
greater and more uniform under leafless deciduous canopies 
than coniferous canopies. McKay (1968) concluded that snow 
accumulation in deciduous forests is greater than in 
coniferous forests, but less than in openings within the 
forest. Small openings within a leafless canopy were found to 
accumulate as much as 30 percent more snow than accumulated 
under a similar forest with leaves (Swanson and Stevenson, 
1971).

The rate at which snow ablates is also significantly 
affected by forest canopy. Forest canopy reduces the net 
shortwave radiation incident upon the snowpack and increases 
the amount of reradiated longwave radiation (LaFluer and 
Adams, 1985). Trees also influence advection through changes 
in wind speed and turbulent flux which, in turn, affect the 
energy balance (Bernier, 1989). The radiation balance at the 
snow surface has been documented to be the most important 
factor determining heat exchange at the snow surface (Obled 
and Harder, 1978; Male and Granger, 1981) and explains 40 to 
90 percent of variation in daytime snowmelt (Zuzel and Cox, 
1975 and Price, 1988). These factors contribute to an inverse 
relationship between snow ablation rates and canopy cover for 
both coniferous and leafless deciduous forests (Anderson, 
1956; Hendrie and Price, 1978; Bernier, 1989).
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Variations in snow ablation have been further explained 

using vapor pressure and wind velocity. Higher wind 
velocities generate accelerated turbulent energy exchange and 
increased evaporative rates (Kaser, 1982). Bernier (1989) 
found that evaporative rates in openings were 3 times greater 
than those in the forest. Male and Granger (1981) further 
determined that evaporative rates in a leafless deciduous 
forest and a coniferous forest were only 70 and 47 percent, 
respectively, of the rates in an open site. _ Wind speed is 
reduced by 50 to 67 percent by leafless canopies and therefore 
significantly reduces the turbulent energy exchange which, in 
turn, diminishes snow ablation and evaporation (Federer and 
Leonard, 1971).

Studies conducted in clearcuts have consistently shown 
increased ablation rates relative to forested areas. Haupt 
(1979) and Hardy and Hansen-Bristow (1990) reported maximum 
ablation rates in clearcut areas, moderate rates in 
intermediate growth forests, and the lowest ablation rates in 
mature forests. Gary and Troendle (1982) found that ablation 
rates in low density, thinned forests and in small clearcut 
patches were increased by 20 to 60 percent. Deciduous forest 
canopies exhibit lower ablation rates than forest openings but 
greater rates than coniferous forests (Federer and Leonard, 
1971). The difference in ablation rates between leafless 
canopies and open areas has been attributed to radiation 
shading and reduced wind velocity. Leafless canopies reduce
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solar radiation incident upon the snowpack by as much as 50
percent (Jeffrey, 1968) thereby altering the energy balance at 
the snow surface.

Study Area and Plnts

The study site is adjacent to Hebgen Lake on the Gallatin 
National Forest in southwestern Montana, 7 km west of 
Yellowstone National Park (Figure I). The -Hebgen Lake 
watershed includes an important source of water for much of 
the region's municipal, agricultural, and hydroelectric needs. 
This watershed also provides ecological/ recreational, and 
timber resources. Land ownership in the watershed is shared 
by the U.S. Forest Service, the National Park Service, and 
private landowners and, therefore, incorporates a variety of 
management considerations.

I
The study area is located within 30 km of two USDA Soil 

Conservation Service (SCS) SNOTEL and two National Oceanic and 
Atmospheric Administration (NOAA) climatological data 
collection sites (Figure I). All stations record daily 
maximum and minimum temperatures, total precipitation, total 
snowfall, and snow depth on the ground. The SCS SNOTEL sites 
(Whiskey Creek (2070 m) and Beaver Creek (2390 m)) also record 
daily snow water equivalence. The elevations of the Hebgen 
Dam (2000 m) and West Yellowstone (2040 m) NOAA sites are 
approximately the same as the study area (2003 m). The study 
area includes clearcut openings, mature lodgepole pine stands.
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and burned forest stands in a 30 ha area. The terrain is 
essentially flat (slope of less than I degree) and the 
elevation varies less than I m within plots and less than 5 m

Figure I. The study site, adjacent to Hebgen Lake, is located 
within the Madison River watershed, 7 km from 
Yellowstone National Park in Southwestern Montana. 
(After USGS, 1972) Blank areas represent clearcuts.
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between plots. Consequently, elevation, aspect, and slope are 
not important as variables affecting the snowpack. The soil 
consists of highly porous obsidian-sand alluvial outwash 
(Pfister, et al., 1977). Due to high porosity and 
permeability, snowmelt and rain typically percolate into the 
sand rather than running off.

The 25 year (1966-1990) average temperature for the 
Hebgen Dam site is 2.5 ° C . Maximum daily average temperature 
is 21 °C and minimum is -27°C (U.S. Soil Conservation Service, 
1992). The 25 year average annual precipitation is 75 cm with 
a maximum average monthly precipitation of 84 mm in January 
which occurs as snowfall (NOAA, 1992). Peak snow depth on the 
ground typically occurred in mid-March and averaged 116 cm, 
ranging from 76 cm to 175 cm (U.S. Soil Conservation Service, 
1992).

Study plots were established in three forest canopy 
categories: I) a mature forest stand, 2) a previously mature 
forest stand which was burned by a crown-fire in 1987 (Romey, 
1992), and 3) a clearcut surrounded by unburned, mature forest 
(Figure 2). These plots were chosen to measure the effects of 
fire-altered canopy on SWE accumulation and ablation rates 
compared to those in unburned and clearcut openings. The 
clearcut plot was included for comparison of results to 
similar studies which examined the difference between clearcut 
openings and undisturbed forests.
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Figure 2. The location of study plots (A, B , and C) within the 
study area. (Sketch drawn from U.S. Forest Service 
air photograph, 1990).

Plot A (forested) is located within a mature lodgepole 
pine stand. The stand is representative of the pjnus 
contorta/Purshia tridentata (PICO/PUTR) habitat type (Pfister, 
et al. , 1977) which encompasses a 260 km2 area surrounding the 
town of West Yellowstone. Ground cover consists of widely 
scattered small shrubs, primarily bitterbrush (Purshia 
tridentata). and barren soil.
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Plot B (burned) is 300 m south of Plot A (forested) in 

the burned portion of the study area. The plot is centered in 
a burned forest 180 irt from the nearest clearcut or unburned 
forest. Trees in Plot B were killed by fire 5 years prior to 
the study and consist of charred stems and leafless branches. 
Ground cover consists of burned stumps, prostrate and leaning 
trunks, and scattered annual flowering plants.

Plot C (clearcut) is-350 m west of Plot A (forested) and 
is centered in an irregular shaped 4 ha clearcut opening, 2H 
from the forest margin. Trees were removed from this site in 
1982 (Romey, pers. comm., 1992) . Ground cover consists of 
numerous stumps, prostrate trunks, and a few small trees less 
than 2m in height.
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METHODS

Study Plot Design

A grid system was established at each of the three study 
plots. Grid lines were oriented north-south and east-west. 
The grid orientation allowed analysis of the effects of 
prevailing wind on snow accumulation across the plots. Plots 
A (forest) and B (burned) were located on a north-south line 
120 m and 180 m, respectively, from the boundary between the 
unburned and burned tree stands (Figure 2). These locations 
were selected to maximize the degree of similarity in pre-fire 
forest structure between the forested plots. Plot C was 
centered in a clearcut with a 2H (30 to 45 m) buffer zone 
separating it from the adjacent forest to minimize forest 

margin effects (Gary, 1980) which could cause non
representative snow accumulation as a result of wind 
redistribution from the adjacent forest.

Sixteen sample points within each plot were spaced at 10 
m intervals and arranged on a square grid (Figure 3). The 

number, spacing, and arrangement of sample points in each plot 
was based on similar studies by Steppuhn and Dyck (1974), 
Dickison and Daugharty (1978), Rawls, et al. (1980), Toews and 

Gluns (1986), and Dozier and Melack (1987).
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= survey flagI = metal post

Figure 3. Arrangement of sample points on a square grid 
parallel to cardinal directions.

Sample points were located early in February, 1992 using 
1990 U .S . Forest Service aerial photographs, a Brunton 
compass, and a tape measure. Coordinates for all points among 
all plots were determined to allow subsequent analysis of 
spatial autocorrelation. All points on the north and south 
rows of each plot grid were marked with metal posts which 
protruded 2 m above the ground. Points on the internal east- 
west rows were located at each sampling visit during the 
accumulation period using a 30 m tape and marked with survey 
flags. Survey flags were left in place for the duration of
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the snow season and summer.

Forest Studies

Forest studies were conducted during the summer of 1992 
to measure the effect of forest fire on forest structure and 
to assess the degree of similarity between forested plots 
(Plots A and B ) prior to the 1987 forest fire. Measurements 
included forest canopy cover, basal area  ̂ tree height, and 
ground cover.

Canopy Coverage
Forest canopy was measured using two instruments: a

canopy densiometer, as outlined by Lemmon (1957) and evaluated 
by Hardy (1990), and a photocanopyometer (Codd, 1959). The 
densiometer consisted of a concave mirror etched with a grid 
which reflected the forest canopy above it and allowed 
estimation of the percent canopy above a point. The 
photocanopyometer consisted of a camera with a lens that 
captured images in a vertical 90° cone (Figure 4). The camera 
was mounted on a tripod I m above each sample point. Two 
methods of determining canopy cover from these photographs 
were implemented. Percent canopy was first determined using 
a dot matrix overlay (Figure 4) on photo negatives as outlined 
by Codd (1959). Second, images from photos taken at each 
sample point were analyzed using an EyeCom image scanner and 
image processor (Spatial Data Systems, Inc., 1984). Photos 
were digitized and their contrast was enhanced to form a two
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color image. Pixels of light (sky) and dark (canopy) were 
counted to determine percent canopy.

Figure 4. Photocanopyometer image from plot A (mature forest) 
and the dot planimeter overlay used to measure 
percent canopy coverage. (Sketch from photograph 
negatives.)

Basal Area
Basal area is a standard method of measurement of forest 

structure. The value is easy to measure and is proportional to 
canopy coverage (Ford-Robertson, 1971). Basal areas in Plots 
A (forest) and B (burned) were determined by measuring the 
diameter at breast height (DBH) for all trees in each plot and 
those within 10 m outside of the plot boundary. Measurements 
taken outside of the plot boundaries were included to evaluate 
the similarities between forest structure inside and adjacent 
to the study plots. Diameters were later converted to basal 
areas, in m2, and summed to represent the total area, in 
m2/ha, occupied by tree stems for each plot. Calculation of 
basal areas permitted both a comparison of results with 
related studies (Hungerford, 1987) and an interpretation of
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forested plot characteristics before being altered by fire. 
Because numerous standing snags blew down in the burned forest 
plot during the sampling period, basal area was remeasured 
following the 1993 snow season. This second set of 
measurements incorporated both standing and fallen snags to 
facilitate a comparison of pre-fire conditions in both 
forested plots. Basal area data was not collected in Plot C 
(clearcut) due to the absence of trees in the clearcut.

Tree Heights
In order to determine the spatial extent of snow 

redistribution by wind, average tree heights were determined 
for trees within Plots A (forest) and B (forest) and those 
adjacent to the clearcut plot. Tree heights were determined 
trigonometrically using a Brunton compass, to measure the 
angle between the observer and the tree top, and a tape to 
measure the distance to the base of the tree. Average tree 
heights were determined using the mean of 10 trees, which were 
visually selected as representative, within each plot.

Ground Cover
In order to determine the effect of ground cover on the 

snowpack during late season ablation periods, sample points 
were photographed using a wide angle (35°) lens during July, 
1992. Pictures were taken by aiming the camera down at the 
sample point from 2 m above the ground and 2 m south of sample 
point. Photographs served as references during the ablation 
period to visually estimate the impact of ground cover on 
ablation phenomena at a point.
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Snow Studies

The 1992 Snow Season
Precipitation data for the 25 years prior to 1992 from 

the Hebgen Dam National Weather Service station were analyzed 
to determine the average date and snow depth at peak 
accumulation. These data served as the basis for selection of 
a mean peak accumulation date for subseguent snow sampling. 
Snow sampling during the 1992 snow season was initially 
intended to produce data for the study. Due to low snow 
accumulation and an early peak accumulation, sampling was 
conducted only during the ablation period on March 15, March 
21, and April 4. Because only minimal data were collected 
during 1992, sampling during this time served primarily as a 
pilot study for determining appropriate methods for the 
following snow season. Snowpack data collected during 1992 
consisted of snow depth and snow water equivalence (SWE) 
measurements. Depth and SWE were measured using a U.S. 
Federal Snow Sampler, a commonly used and accepted means of 
obtaining snow data in the field (Fames, et al. , 1982; 
Golding and Swanson, 1986).

Depth and SWE measurements were made along an arc with a 
0.5 m radius, north of the sample point (Figure 5). Samples 
were taken at this distance from the actual sample point to 
avoid any snowpack alteration caused by the metal stakes. 
Because the snow sampler removes a core of snow and 
subsequently alters the snowpack at that point, the location 
of the point sampled was moved 15° clockwise from the previous 
location on each subsequent visit to eliminate the possibility
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of sampling at the exact location of previous visits. 
Sampling was conducted on skis standing I m from sample points 
and snow tube cores were discarded at a minimum of 4 m from 
sample points to avoid alteration of the snowpack adjacent to 
sample points.

Snowpack data from March 15, 1992 were analyzed to
determine if the selected spatial arrangement of sample points 
produced spatial autocorrelation. To justify the use of 
traditional statistical methods based on independence, 
variogram analysis was conducted for all plots to visually 
inspect for spatial correlation (Isaaks and Srivastava, 1989).
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Figure 5. Depth and SWE measurements were made along an arc 
0.5 meters from the marked sample point. 
Measurements were made according to the numbered 
sequence on 15° intervals along the arc to the 
north of the sample point in 1992 and to the south 
of the sample point in 1993.
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The 1993 Snow Season

During the 1993 sampling season (January through April, 
1993), SWE and snow depth data were collected biweekly during 
the accumulation period and at weekly intervals during the 
ablation period. More frequent visits were made during the 
ablation period because it was suspected that there would be 
an accelerated rate of snowpack transition during that time. 
During the 1993 season, samples were taken in a 
counterclockwise order along an arc 0.5 m to the south of the 
point markers as opposed to the north side as in 1992 (Figure 
5). This change of sampling location was established to avoid 
ablation season depressions in the snow which were observed to 
develop directly north of the point markers during the 1992 
season. Data gathered during the 1993 accumulation period 
assisted in analyzing accumulation patterns, the effects of 
wind redistribution, and snowpack variations among plots.

In order to determine the effects of wind redistribution 
at the forest margins and within the clearcut plot, transects 
were established extending through each plot along north-south 
and east-west axes at the expected time of peak accumulation 
(March 15, day 74). Transect sampling measured only snow 
depths and was conducted at the time of peak accumulation 
because this is the most commonly used variable for 
determining potential snowmelt runoff. Snow depths were 
measured at 10 m intervals extending 50 m from plot
boundaries.
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The U.S. Federal Snow Sampler measures SWE with an error 

of 4-10% in all but shallow snowpacks (Goodison, 1981). To 
minimize potential inaccuracies in sampling the late season, 
shallow snowpacks common when using U.S. Federal Snow 
Samplers, snowpack on April 10, 1993.in Plot A (forest) was 
measured using a large diameter metric snow tube. This tube 
method is generally accepted as being more appropriate for the 
measurement of shallow snowpacks (Fames, et al., 1982). In 
addition to samples taken at established sampling locations, 
ten samples were taken at random locations within the plot 
with both the U.S. Federal Snow Sampler and the large diameter 
tube to derive a correlation coefficient which allowed 
standardization of data from two different measuring devices.

Following the 1993 snow season. National Weather Service 
and study site snow data were compared to determine whether or 
not data from the Hebgen Dam site could be used to predict the 
date of peak accumulation at the study site.

Additional Studies
Net SWE accumulation and snow depth within the local 

region were determined weekly based on daily snow data from 
the Whiskey Creek and Beaver Creek SNOTEL sites. Fluctuations 
in snow depth and SWE were used to estimate the amount of snow 
gained or lost at the study site between sampling days. 
Changes in the snow surface around trees and due to wind scour 
and redistribution were photographed and described in field
notes.
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Data Analysis

Forest Study Data
Mean tree height and basal area for the forested plots 

(Plots A and B) were compared using two sample t-test 
statistical methods on Minitab software (Schaefer and Farber, 
1992). These tests produced confidence intervals for the 
differences between plot means to determine the significance 
of similarities. An interval of differences which contains 
zero indicated that there was no evidence of a difference at 
the given confidence interval. In addition to statistical 
tests, histograms of tree heights and basal areas were 
generated to assess the degree of similarity between plots 
prior to the 1987 fire.

Statistical comparison of the two canopy measurement 

instruments, the photocanopyometer and the densiometer, 
consisted of a paired t-test using all points in both plots. 
Results of these tests consisted of confidence intervals for 
the differences between values measured by the two methods. 
In addition to this comparison, Minitab software was used to 

derive a Pearson product moment correlation coefficient for 
the values produced by the two methods. A comparison of these 
instruments at different canopy cover classes was further 
investigated by generating a Tukey sum-difference graph
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(Cleveland, 1985).

Snow Study Data
Snow water equivalence and snow depth means for the 1993 

accumulation period were compared with Tukey pairwise multiple 
comparison Anova methods (Neter, et al., 1990) using Minitab 
software (Schaefer and Farber, 1992) . These tests determined 
the statistical extent of differences between, plots by 
generating confidence intervals for differences between each 
plot pair.

Snow ablation rates for both snow seasons were calculated 
by dividing the net loss of snow during the ablation period by 
the number of days between peak accumulation and the last 
sampling date when snow remained on the ground. Ablation 
rates were compared using the same Anova methods as 
implemented in the accumulation period comparisons.

Linear regression analysis (Schaefer and Farber, 1992) 
conducted with Miriitab software was used to examine the 
relationship between forest canopy coverage and snow 
accumulation (SWE and depth) and canopy coverage and ablation 
rates. These analyses produced Pearson product moment 
correlation coefficients (r) and regression values (r2) . 
Regression analysis results (r2) estimated the extent to which 
snow accumulation and ablation rates could be explained by 
forest canopy coverage.

Snow density was calculated on each sampling date for all 
points within the three plots by dividing the measured snow
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water equivalence by the measured depth. Because only snow 
depth was measured at transect sampling points, snow density 
and SWE for these points were calculated using the mean SWE 
and snow density from within the corresponding plot based on 
the relationship where the product of depth and density equals 
the snow water equivalence.

Data collected using both a U.S. Federal snow sampler and 
a large diameter snow tube was compared using a paired t-test. 
The paired t-test generated a confidence interval for the 
difference between paired measurements at a point to assess 
the degree to which the two instruments produced similar 
measurements. This analysis was necessary to evaluate the 
effects of switching from one instrument to the other during 
the sampling period.

Weather Data
Analysis of weather data was predominantly qualitative 

and was used to determine the similarities between the 25 year 
average conditions and the 1992 and 1993 snow years. Data 
acquired from NOAA and the SCS were used to generate graphs 
which showed the trends through the snow season of snow depth, 
monthly mean temperature, and monthly mean precipitation for 
the 25 year average preceding the study and for the 1992 and 
1993 snow years. Additionally, average historical weather and 
snow conditions were used to estimate the expected dates of 
peak accumulation and last snow on the ground at the study 
site.

f
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RESULTS AND DISCUSSION 

Forest Comparisons

Basal Area
Basal area in the forested Plot A (12.1 m2/ha) was 13% 

greater than basal area of both standing and windfall trees in 
the burned Plot B (10.1 m2/ha) (Table I). Prostrate trees in 
Plot B accounted for 50% of all trees measured in Plot B.
The 13% difference between plots may be attributed to the 
growth of trees in Plot A (forest) after the 1987 fire or to 
random variation within the forest independent of regrowth.

Mean Canopy Cover (%)
Densio- Photo-

Basal
Area

Tree Height
(m)Plot meter canopyometer (m2/ha) Mean Range

A 29 42 12.1 11.3 8.6—
14.3

B 8 4 10.7 10.6 7.8-
13.6

Table I. Mean canopy coverage, total basal area, and tree 
heights for Plot A (mature forest) and Plot B 
(burned forest).

A histogram of basal areas for individual trees in both 
plots suggests similar distributions and variance (Figure 6). 
Plots A and B both contain a high percentage (68% and 79%, 
respectively) of small trees (basal areas of 0.005 to 0.015 
m2) and similar percentages (21% and 13%, respectively) of 
intermediate range trees (0.02 to 0.040 m2). The difference 
in means of Plot A (forest) and Plot B (burned) was assessed 
using a two sample t-test. Because the calculated interval 
for the difference contained zero (Table 9), there is no
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significant evidence in the data to conclude that plot means 
are different at the 0.01 level. Based on basal area means 
and distributions measured after the burn, it can be concluded 
that the burned and unburned forest plots represented similar 
forest structures prior to burning.

70

I I I I I I I I I0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 
Basal Area (m2)

Figure 6. Histogram showing freguency distribution of number 
of trees within certain basal area size classes for 
plots A (mature forest) and B (burned forest).

Tree Heights
The calculated interval for the difference in mean tree 

heights between Plots A (forest) and B (burned) contains zero 
(Table 9) and therefore indicates that there is no significant 
evidence to conclude that plot means differ at the 0.01
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significance level. The mean tree height in Plot A (forest) 
was 6 percent greater than that in Plot B (burned) (Table I). 
This difference may be explained by either 5 years additional 
growth in the unburned forest relative to the burned forest 
plot or random variation in tree heights through the forest. 
A histogram of individual tree heights (Figure 7) also shows 
that the distribution of individual tree heights in both plots 
were similar. Similarities in tree heights between the burned 
(Plot B ) and unburned (Plot A) plots confirm that these plots 
represent similar forest structures.

m
<ukEH
4H0
k0)
y

Tree Height (m)
Plot A Plot B

Figure 7. Histogram showing frequency distribution of number 
of trees of certain heights for plots A (mature 
forest) and B (burned forest).
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Canopy Coverage

The densiometer and the photocanopyometer produced 
different canopy cover estimates for both the burned (Plot B) 
and the unburned forest plot (Plot A) (Table I). Densiometer 
measurements produced a smaller difference between plot means 
than did the photocanopyometer. A comparison of canopy cover 
means produced by the two methods was conducted using a paired 
t-test. The calculated interval for the difference between 
means (Table 10) indicates that there is no significant 
evidence to conclude that the means produced by the two 
methods differ at the 0.01 level. The fact that the means 
produced by the two instruments differ considerably, while 
statistical analysis shows no significant difference, can be 
attributed to a high variability in individual measurements 
for paired points. >

In the burned forest, the densiometer consistently 
produced greater canopy cover estimates relative to the 
photocanopyometer for low (0-4%) canopy values (Figure 8). In 
Plot A (forest), where canopy values were greater than 20%, 
the densiometer produced smaller estimates than did the 
photocanopyometer. For canopy densities greater than 20%, 
results were consistent with comparisons made by Hardy (1990) 
who concluded that' the densiometer underestimated canopy 
relative to the photocanopyometer at intermediate canopy
densities.
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diagonal shows
1:1 correspondence 
between readings/

Photocanopyometer
Plot A □ Plot B

Figure 8. Scatter plot showing percent canopy cover 
measurements for the photocanopyometer and the 
densiometer in plots A (mature forest) and B 
(burned forest) . In plot A, where canopy values 
were greater than 20 percent, the densiometer 
measured smaller estimates of canopy cover than the 
photocanopyometer. In plot B , the densiometer 
measured greater canopy cover estimates relative to 
the photocanopyometer for low (0-4%) canopy values.

This relationship is illustrated by comparing the canopy 
estimates of the two instruments using a Tukey sum-difference 
test (Figure 9). This test plots the sum of paired individual 
canopy measurements against the difference between them 
(photocanopyometer minus densiometer) (Cleveland, 1985). The 
graph shows a pattern in the residuals which indicates that at
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very low canopy densities (sum less than 20) the densiometer 
overestimated canopy relative to the photocanopyometer and at 
higher canopy densities (sum 20 to 120) the densiometer 
underestimated canopy cover.

Figure 9. Tukey sum-difference graph of canopy cover 
measurements determined using the densiometer and 
photocanopyometer. The graph shows a pattern in
the residuals which indicates that at very low 
canopy densities (sum less than 20) the densiometer 
overestimated canopy relative to the 
photocanopyometer as indicated by points whose 
difference is negative. At higher canopy densities 
(sum 20 to 120) the densiometer underestimated canopy cover.

Data collected using the densiometer in the burned stand 
proved unreliable because the resolution of the equipment made 
assessment of the contribution of twigs and small branches to
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canopy cover impossible. Therefore, the densiometer could not 
be used for comparative analysis between the two plots. 
Subsequent analysis using percent canopy cover was based 
solely on photocanopyometer measurements. Photo negatives 
generated using the photocanopyometer were initially analyzed 
usincf both dot planimeter overlay and image processing 
procedures to determine percent canopy as outlined previously. 
The image processing procedure was reliable, however, only for 
photos taken under unburned forest canopies. Photos taken 
under the burned canopy contained greater contrasts across the 
sky than between the canopy and the sky, yielding erroneous 
values. Consequently, only dot planimeter procedures were 
used for determining percent canopy.

The forest structures of Plot A (forest) and Plot B 
(burned) represent intermediate growth forests, as defined by 
Hardy and Hansen-Bristow (1990), based on basal area, tree 
height, and canopy measurements. Forest fire at the study 
area significantly altered the forest structure by reducing 
the canopy by 90% in Plot B . Tree height and basal area were 
initially unaffected by fire. However, burning of the trees 
apparently made them more Susceptible to blowdown, and 
consequently, basal area was reduced with time. In Plot B , 
the basal area of standing trees was reduced by 50% in the 5 
years following fire due to blowdown.

Weather Conditions

Based on 25 year record, the snow season begins in early
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November when measurable snow accumulates and remains 
throughout the winter (U .S . Soil Conservation Service, 1992). 
The 25 year average date for peak accumulation is March 13 
(day 72), the earliest peak accumulation occurs on February 22 
(day 53), and the latest on April 2 (day 92). During the 
ablation period, which follows peak accumulation, there was a 
net loss of snow water equivalence due to melt and evaporation 
from the snowpack until no snow remained. All snow generally 
ablates from the study site by May I (day 122) (U.S. Soil 
Conservation Service, 1992).

Previous weather data from the Hebgen Dam weather station 
were used to estimate the expected date of peak accumulation 
and date of last snow on the ground at the study site. The 
timing of peak accumulation and last snow on the ground at the 
study site could only be determined within a range of possible 
dates due to the sampling interval and therefore did not allow 
a more precise comparison between Hebgen Dam and study site 
data. During 1992, the timing of peak accumulation occurred 
before the sampling period was initiated and the date of last 
snow on the ground at the study site occurred between 2 and 12 
days later than at the Hebgen Dam station.

During 1993, the timing of peak accumulation occurred 
during the two weeks prior to or following the March I (day 
60) sampling. Data in Table 2 show that the 25 year average 
date of peak accumulation and last snow on the ground derived 
from Hebgen Dam data occurred within the range of possible 
dates for these phenomena determined at the study site in 
1993. Peak SWE accumulation occurred on February 27 at the
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Whiskey Creek SNOTEL site and on March 5 at the Beaver Creek 
SNOTEL site. These peak accumulation dates fell 3 and 9 days, 
respectively, after the Hebgen Dam peak date (U.S. Soil 
Conservation Service, 1993), which is to be expected for 
higher elevations as a result of decreased temperatures. This 
suggests that the Hebgen Dam station was valuable as an 
estimator of temporal snow patterns at the study site.

Peak Accumulation Peak Accumulation
Date 
(date)

Depth
(meters)

Year
Hebgen
Dam Study Site

Hebgen
Dam

Study
Site

25 yr 
avg

March 13 NA* 1.17 NA
1992 February

22
NA 0.86 NA

1993 February
24

February 
I5-March

1.07 1.02
15**

* Not Available
**Range of possible dates.
Table 2. Twenty-five year average, 1992, and 1993 peak 

accumulation dates, peak snow depths, date of last 
snow on the ground, and total snow season 
precipitation for the Hebgen Dam weather station 
and the study site.

The 1992 Snow Season

The 1992 snow season (October 1991 to May 1992) exhibited 
an unusual weather pattern relative to average conditions 
(based on 25 years of climatological data recorded at the 
Hebgen Dam National Weather Service station). Monthly 
temperature averages were between I°C and 3°C lower than the
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25 year average throughout the accumulation period (Figure 
10), after which average temperatures were 4°C higher than 
average for all months during the ablation period (March 
through April).
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Figure 10. Deviations of 1992 and 1993 monthly average 
temperatures from the 25 year (1966-1990) average 
at the Hebgen Dam weather station (NOAA, 1993).
Data for April, 1993 were not available.

Precipitation was greater than average early in the 
season with both October and November receiving 5 cm more 
precipitation than average. Throughout the remainder of the 
accumulation and ablation periods, monthly precipitation
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totals were below average (Figure 11).
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Figure 11. Deviations of 1992 and 1993 monthly average 
precipitation from the 25 year average at the 
Hebgen Dam weather station (NOAA, 1993). Data for 
April, 1993 were not available.

During January, which generally generates the greatest amount 
of precipitation (U.S. Soil Conservation Service, 1992), there 
was 6 cm less precipitation than average. Peak accumulation 
occurred on February 22, 1992 (day 53), 19 days earlier than 
the 25 year average, and the date of last snow on the ground, 
April 2, 1992 (day 92), occurred 30 days earlier (Table 2). 
Snow depth measurements, showing a deviation from the average
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which increased steadily throughout the 1992 season, were 
below average in every month of the season (Figure 12).
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Figure 12. Deviations of 1992 and 1993 monthly average snow 
depth from the 25 year average at the Hebgen Dam 
weather station (NOAA, 1993). Data for April,
1993 were not available. Note the below average 
snow depths during the entire 1992 snow season.

The 1993 Snow Season
Monthly average temperatures during the 1993 snow season 

(October 1992 to May 1993) were lower than average during the 
early months of the accumulation period but higher during the 
peak accumulation period and throughout the ablation period 
(Figure 10). The change in the trend from lower than average
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to higher than average occurred during January, 1993 which was 
5 °C warmer than the 25 year mean. During the remainder of. the 
snow year temperatures deviated little (0°C to 2°C) from the 
25 year average.

Precipitation during the 1993 snow season varied only 
slightly from the average temporal patterns for the area after 
December, 1992 (Figure 11). Monthly totals varied between 0 
and 1.2 cm from the mean for the months in which data were 
available except for December which had 5.3 cm more 
precipitation than average. This excess precipitation during 
December resulted in 12 cm higher than average snow depths 
early in the season which persisted into January (Figure 12). 
Average snow depths dropped 4 cm below average during February 
as a result of the corresponding higher than average 
temperatures and below average precipitation. Deviations in 
snow depth during February and throughout the ablation period 
were minimal (between 2 and 4 cm below average) . The small 
deviation between 1993 and 25 year monthly snow depth averages 
can be attributed to the close correspondence between 1993 and 

25 year average temperature and precipitation values. Peak 
snow depth occurred on February 24 (day 55), 17 days earlier 
than average (Table 2) which corresponds with early peak SWE. 
The date of last snow on the ground (May 5) occurred 5 days
later than average.
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Spatial Autocorrelation Among Sample Points »

Statistical tests conducted in this study were based on 
the assumption that sample points were independent. To 
ascertain that sample points within each plot were not 
spatially autocorrelated, variograms were generated (Figure 
13) by plotting the distance between sampling points for all 
point pairs in each plot against the semivariance, which is 
the squared difference of the observations at these paired 
points divided by two (Isaaks and Srivastava, 1989).

Semivariogram analysis was conducted using data collected 
on March 15, 1992. A curve on the graph which intersects the 
origin of both axes and levels with increasing distance 
between points would indicate decreasing spatial correlation 
with increasing distance between point pairs. In all plots 
the smoothed curves were essentially flat. Points located 
near each other showed equal variance to point pairs separated 
by greater distances and therefore showed no evidence of 
spatial correlation. Variogram analysis of data collected 

revealed that the 10 m spacing was sufficient to eliminate 
correlation resulting from the proximity of adjacent sample 

points.
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Smoothed Raw Variogram of SWE 
for Plot A on March 15, 1992

: I «

Distance (m x 10) between paired points
Figure 13. Smoothed raw variogram for Plot A (mature forest).

Variograms plot the distance between sampling 
points for all point pairs against the 
semivariance between them. A flat curve indicates 
that there is no evidence of a of correlation 
between points. Variograms for Plots B and C 
exhibited a similar flat curve to Plot A.

Snow Accumulation

The 1992 Snow Accumulation Period
Sampling was not conducted at the time of peak 

accumulation in 1992 because peak accumulation occurred 19 
days earlier than expected based on the 25 year average at the 
Hebgen Dam weather station. Sampling began on March 15 (day 
74), the expected peak accumulation date, and continued for 
the duration of the snow season. Consequently, data 
collection at the study site during the 1992 season occurred 
only during the ablation season.
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Comparison of Accumulation Among Plots. Analysis of SWE 

distribution patterns at the time of peak accumulation was 
based on data collected on March 15, 1992 (day 74), 19 days 
after the estimated peak. These data represent a time midway 
through the ablation period and therefore should not be 
construed as representative of peak accumulation distribution 
patterns. The Tukey pairwise multiple comparison method 
(Neter, et al. , 1990) was used at the 95 percent confidence 
level to estimate differences in the means of Plots A, B, and 
C . The results (Table 11) were that Plots A (forest) and B 
(burned) were not significantly different but Plot C 
(clearcut) could be distinguished from both A and B. These 
results suggest that, on March 15 (day 74), the burned and 
unburned forest plots showed no difference in accumulated SWE 
while the clearcut plot differed from both the unaltered 
forested plot and the burned forested plot by 31 and 24 
percent, respectively.

Data from all sample points in all plots collected during 
the 1992 snow season showed no significant relationship 
between accumulated SWE and percent canopy cover. Canopy and 
SWE were poorly correlated (correlation coefficient = -0.481). 
Linear regression indicated that only 23 percent of the 
variation in SWE could be explained by canopy coverage (r2 = 
0.23). This apparent lack of correlation between canopy and 
net snow water equivalence accumulation may be attributed to 
the fact that SWE data were collected at a time midway through 
the ablation period when variables affecting ablation (i.e. 
warm temperatures and increased radiation) may have had more 
influence on snow distribution than variables influencing
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accumulation.

The 1993 Snow Accumulation Period
Sampling during the 1993 snow season was conducted 

biweekly through the accumulation period from January 5 until 
March 15, the expected date of peak accumulation. However, 
the peak snow depth recorded at Hebgen Dam occurred on 
February 24, 17 days earlier than the 25 year average. Peak 
SWE accumulation at the study site occurred on or near March 
I (day 60) for Plot B (burned) and Plot C (clearcut) (Figure 
14) and on March 15 (day 74) for Plot A (forest) . The 
biweekly sampling interval prior to March 15 did not permit a 
more accurate estimate of the date of peak accumulation.

Day in Calendar Year 1993
Plot A Plot B Plot C

Figure 14. Snow water equivalence for plots A (mature forest), 
B (burned forest), and C (clearcut) during the 
accumulation period, 1993.
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A paired t-test comparing SWE values for Plot A (forest) 

on March I and March 15 indicated that, there was no evidence 

of a significant difference between the two dates (Table 11).

This suggests that the peak date for Plot A (forest) could 
also have occurred on March I as indicated by all depth and 
SWE measurements for Plot B (burned) and Plot C (clearcut) 
(Table 3). Because peak accumulation at the Hebgen station 
occurred before March I and the above tests suggest that it is 
likely that it occurred on or near March I at the study site, 
further analysis of peak accumulation phenomena was based on 
March I data for all plots.

Snow Water Equivalence Snow Depth
(cm) (m)

Plot A Plot B Plot C Plot A Plot B Plot C
Date Forest Burned Clearcut Forest Burned Clearcut
1-5 12.0 15.4 14.5 0.84 0.90 0.88
1-18 16.3 19.2 20.0 0.86 0.91 0.92
2-1 19.0 21.7 20.0 0.85 0.89 0.88
2-18 20.5 21.4 20.8 0.88 0.93 0.91
3-1 26.0 28.3 28.3 1.02 1.08 1.09
3-15 26.4 26.7 28.0 0.96 1.04 1.07 .

Peak accumulation values appear in b o l d .
Table 3. Snow Water Equivalence and Snow Depth for all plots 

during the accumulation period, 1993.

Comparison of Accumulation Among Plots. Comparison of 

plot SWE means at the time of peak accumulation was used to 

estimate the effects of canopy reduction on snow accumulation. 

Plot B (burned) and Plot C (clearcut) had equal mean SWE
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values and were 9 percent greater than the mean for Plot A 

(Table 3). Results of the Tukey pairwise multiple comparison 

method used at the 95 percent confidence level to estimate 

differences in plot means indicate that Plots B and C were not 

significantly different (Table 11). Plot A (forest), however, 

could be distinguished from both Plot B (burned) and Plot C 
(clearcut).

The different peak SWE means between Plot A (forest) and 

those of Plot B (burned) and Plot C (clearcut) (Table 3) 

suggest that the loss of needles in the forest canopy resulted 

in snow accumulation that more closely resembled snow 

accumulation in a clearing than in an unburned forest. This 

relationship is best illustrated by regressing percent canopy 

and SWE for Plots . A and B (Figure 15). The correlation 

coefficient for the relationship between canopy and SWE for 

Plot A (forest) and Plot B (burned) is -0.659 and linear 

regression produces an r2 of 0.43 (Table 4). Correlation of 

canopy and SWE is not as strong (correlation coefficient = 

-0.600, r2 = 0.36) if the values from the clearcut plot are 

considered in addition to both burned and unburned forested

plots.
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S W E  = 30.8 - 0.114(Canopy)

"" 26-

Percent Canopy
Plot C |■ Plot A □ Plot B

Figure 15. Scatter plot showing the relationship between
percent canopy cover and SWE at the time of peak 
accumulation (March I, 1993). The regression line 
and equation were calculated using all points in 
Plot A (forest) and Plot B (burned).

Plot Correlation
Coefficient r2 Regression

Equation Standard
ErrorPlot A -0.689 0.47 SWE = 30.8 - 

0.114canopy s = 1.773
Plot B -0.470 0.22 SWE = 29.1 - 

0.232canopy s = 1.871
Plot
A+B

-0.659 0.43 SWE = 28.8 - 
0.073canopy s = 1.887

All
Plots

—0.600 0.36 SWE = 28.6 - 
0.068canony S = 1.934

Table 4 . Pearson product moment correlation coefficient, r2
values, regression equations, and standard error of 
estimates for the effect of canopy coverage on snow 
water equivalence at the time of peak accumulation.
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The relationship between canopy and SWE is strongest (r2 

= 0.47) in Plot A (forest) where canopy cover variation is 
greatest, as illustrated in Figure 15. in Plot B (burned), 
where canopy variation is small and in Plot C (clearcut) where 
canopy is absent, variation in SWE must be attributed to other 
factors. In both Plots B and C there is considerable ground 
litter, including fallen snags and stumps, which may be 
responsible for the variation in snow depths and corresponding 
SWE. Such ground litter was observed to cause cavities in the 
snowpack or reduce the area available for snow storage which 
may have generated anomalies in snow depth. Ground litter was
minimal in Plot A (forest) and did not affect sample points.

;
Comparison of snow depth plot means at the time of peak 

accumulation produced similar results to SWE comparisons 
(Table 3). Plots B (burned) and Plot C (clearcut) produced 6 
and 7 percent greater mean snow depths than Plot A (forest). 
Snow depth means were compared among plots using the Tukey 
pairwise multiple comparison method at the 95 percent 
confidence level. The results of this test indicate that 
Plots B and C are not significantly different and that Plot A 
(forest) can be distinguished from both B and C (Table 11). 
Snow depth measurements therefore produced similar results to 
the SWE comparisons.

The relationship between snow depth and canopy cover was 

also consistent with conclusions based on SWE measurements.
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Correlation coefficients and r2 values derived from linear 
regression of snow depth and canopy produce similar values to 
those derived from SWE measurements (Table 5). Values of r2 
for snow depth and SWE (0.40 and 0.36, respectively) suggest 

that canopy influences both snow depth and SWE accumulation, 
but other variables, including ground cover and random 
variation in snow accumulation, may be more important for 
®^-Pi^iriing variation in snow dapths at the study site.

Plot Correlation
Coefficient r2 Regression

Equation Standard
ErrorPlot A -0.679 0.46 D — I • 16 ~

0.00315canopy s = 0.050
Plot B -0.523 0.27 D = 1.10 - 

0.00547canopy s = 0.038
Plot
A+B

-0.643 0.41 D =  1.09 - 
0.00177canopy s = 0.047

All
Plots

-0.636 0.40 D = 1.09 - 
0.00177canopy S  = 0.046

Table 5. Pearson product moment correlation coefficients, r2 
values, regression equations, and standard error of 
estimates for the effect of canopy coverage on snow 
depth at the time of peak accumulation, 1993. "D" = snow depth.

Density variation between plots during the accumulation 
period occurred, only early in the season (Table 6). Plot A 
(forest) differed from both Plot B (burned) and Plot C 
(clearcut) which were similar on the first three sampling 

• After the fourth sampling date, in mid—February, 
densities for all plots were equal for the duration of the 
accumulation period and most of the ablation period.
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Snow Density (g/cm3) 

Date Plot A Plot B Plot C
Forest Burned Clearcut

1- 5 
1-18
2-  1
2- 15
3- 1

0.14
0.19
0.22
0.23
0.26

0.17
0.21
0.24
0.23
0.26

Peak accumulation values

0.17
0.22
0.23
0.23
0.26__________

appear in b o l d .
Table 6. Snow Density for all plots during the accumulation 

period, 1993.

Snow density is dependent upon many variables, such as 
vapor transfer and microclimate variability, which were not 
measured. Because the microclimates within and above the 
snowpack were not assessed, no further interpretation of 
accumulation period density trends was possible in this study.

Peak Accumulation Transects

On March 15, 1993 (day 74), snow depth measurements were 
made at 10 m intervals along two transects running north-south 
and east-west and extending 50 m beyond plot margins in all 
plots. Transect sampling was conducted to assess the degree 
to which conditions within plots resembled conditions outside 
of plots at the time of expected peak accumulation. Transects 
also served the purpose of determining the effects of 
prevailing winds and forest margins on the distribution of 
snowpack near the clearcut plot.

North-south transects revealed the greatest snow depth
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variation in the unburned forested plot and little variation 
in the burned and clearcut plots (Figure 16). Shallower 
snowpack values to the north and south of Plot A (forest) can 
be attributed to greater basal areas, and therefore greater 
canopy coverage, outside of the plot. There were no other 
obvious patterns indicating any effects other than random 
variation in any plot.

North South

/ Zx A/--'

Plot Margins

Distance (m)

Figure 16. Snow depths measured at 10 m intervals along a 
north-south transect extending 50 meters beyond plot margins 
in all plots on March 15, 1993.

East-West transects also showed no obvious subjective 
relationship between snow depth and cardinal orientation in 
Plot Xv (clearcut) and Plot B (burned) (Figure 17). Plot A

C
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(forest) again produced the greatest variation as a function 
of greater variation in canopy cover. The east-west transect 
in Plot C (clearcut), however, differed significantly from the 
north-south transect. The Plot C transect extended across the 
clearcut and 10 m into the adjacent forest at the east and 
west margins. At both east and west margins there was a 
significant decrease in snow depth corresponding to the canopy 
coverage at the forest edge. The shallowest snow depths 
occurred farthest from the forest near the middle of the 
clearcut, which may have been a result of windscour which 
increases with distance from the forest (Gary, 1974).

West

\ X Z

Clearcut CledrcutMargin Plot Margins

Distance (m)

Figure 17. Snow depths measured at 10 m intervals along an
east-west transect extending 50 meters beyond plot 
margins in plots A (mature forest) and B (burned 
forest) and 60 meters beyond plot margins in plot 
C (clearcut) on March 15, 1993.
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Snow Ablation 

The 1992 Ablation Period
In 1992, ablation began 19 days earlier than the 25 year 

average (based on Hebgen Dam snow depth data). The date of 
initiation of ablation at the study area could not be 
determined from available data. Peak snow depth at the Hebgen 
Dam site was 26 percent less than the 25 year average. The 
date of last snow on the ground occurred 29 days earlier than 
average at the Hebgen Dam site resulting in an ablation season 
which was 10 days shorter than average. The shortened 
ablation season may have been a function of lower than average 
accumulation at the start of the ablation period. At the 
study area, the date of the last snow on the ground occurred 
between April 4 and April 13 (between day 94 and 104), 
approximately one week after the Hebgen Dam date.

Comparison of Ablation Rates. Ablation rates in all 
plots during the 1992 ablation season are similar (Figure 18). 
The slope of the lines generated by plotting ablation rates 
for each plot against time are effectively parallel. The only 
deviation from this trend occurred between the first and 
second sampling dates where the clearcut plot exhibited a much 
greater ablation rate. Because no data were collected prior 
to March 15 (day 74), analysis of this deviation was 
impossible.
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Day in Year,- 1992
Plot A Plot B Plot c

Figure 18. Snow water equivalence means for plots A (mature 
forest), B (burned forest), and C (clearcut) 
during the 1992 ablation season.

Differences in mean ablation rates among plots were 
assessed using the Tukey pairwise multiple comparison method 
at the 95 percent confidence level. Results of these tests 
showed no significant differences among plot means (Table 11). 
This conclusion was further supported by a poor correlation 
between percent canopy cover and ablation rates. Linear 
regression analysis indicated that only 11 percent of 
variation in ablation rates could be attributed to canopy 
cover. This may be explained by the fact that the data
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collected during the 1992 season represented only the latter 
portion of the ablation season and because the 1992 snow 
season produced less snow accumulation than during average 
years.

Ablation rates were also calculated using snow depth 
measurements. Analysis of variance between plots and 
correlation of canopy and ablation rates produced similar 
results to those based on SWE ablation rates. There was no 
significant difference between plot means at a 95 percent 
confidence interval and regression and correlation 
coefficients gave no indication of a significant relationship 
(correlation coefficient = -0.297 , r2 = 0.09).

Snow Density Trends. Density should increase through the 
ablation period as water content increases as a result of 
downward percolation of melting snowpack (Gray and Male, 
1981). Snow density varied considerably in all plots 
throughout the recorded ablation season, but showed no obvious 
trends through time or between plots (Table 7). However, the 
maximum densities recorded for each plot did occur on the last 
sampling date in the season which was consistent with the 
above hypothesis.

Snow Density (g/cm3)
Plot A Plot B Plot C

Date____ Forest Burned Clearcut
3-15 0.29 0.31 0.30
3-21 0.29 0.28 0.24

___________ 4^4______ 0.36 0.34_____0.30_______________
Table 7. Snow Density for all plots during the ablation 

period, 1992.
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The 1993 Ablation Period

The start of the 1993 ablation period is marked by a peak 
accumulation at the Hebgen Dam station which occurred 17 days 
earlier than the 25 year average. Peak snow depth was 92 
percent of the twenty five year average (Table 2). The date 
of last snow on the ground occurred 5 days later than the 25 
year average, resulting in an ablation period that was 22 days 
longer than average. These dates roughly coincided with those 
recorded at the study area. On May 9 (day 130), all snow was 
gone from the burned and clearcut plots. Plot A (forest) 
retained isolated pillows throughout the plot at this time. 
Exact dates of peak accumulation and last snow on ground could 
not be determined at the study area due to the interval 
between sampling dates.

Snow Samplers. On May 9 (day 130), snow was sampled 
using both a U.S. Federal Snow Sampler and a large diameter 
metric snow tube. Comparison of the two measurement devices 
was conducted by applying a paired t-test which compared the 
difference in SWE means generated by the two instruments. 
Results of this test (Table 11) indicate that there is no 
significant difference between the SWE values measured by the 
two different instruments. In addition to this test, a 
calculated correlation coefficient of 0.943 indicates a high 
degree of correlation between the two instruments and 
justified the continued use of the U.S. Federal Snow Sampler 
for the remainder of the sampling period.
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Comparison of Ablation Rates. Ablation rates in all 

plots varied consistently with time and showed few significant 
differences (Figure 19). The most significant divergence 
from parallel ablation rates was initiated on April 19 (day 
109). Plot B (burned) showed no loss of SWE from the previous 
date and Plot C (clearcut) showed an increase of SWE while 
Plot A (forest) continued to lose snow. Because National 
Weather Service climate data are not available for April, 
1993, it is difficult to explain this variation from the trend 
based on climatological factors.

95 102 109 116 123 130 136
Day in Calendar Year 1993
Plot A Plot B Plot C

Figure 19. Snow water equivalence means for plots A (mature 
forest), B (burned forest), and C (clearcut) 
during the 1993 ablation season.
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SNOTEL data from the Whiskey Creek and Beaver Creek sites 

showed an increase in SWE and near freezing temperatures 
during the week prior to April 19 (day 109) (u.S. Soil 
Conservation Service, 1993) which explains the minimal net 
change in Plot B (burned) and Plot C (clearcut). Ablation in 
these plots may have been balanced by precipitation gains 
resulting in no net loss of SWE. The continued decrease in 
SWE in Plot A (forest) may have resulted from a combination of 
snow interception by the forest canopy and potentially warmer 
temperatures in the forested plot. Warmer temperatures may 
occur as a result of longwave re-radiation of radiation 
absorbed by the trees (LaFluer and Adams, 1985).

The ablation rate similarities prior to April 19, 1993 
are further supported by ANOVA tests which indicate that there 
was no evidence of a significant difference between mean 
ablation rates when calculated over the entire ablation period 
(Table 11). However, graphic representation of ablation 
phenomena (Figure 19) suggest that Plot B (burned) and Plot C 
(clearcut) ablated more rapidly than Plot A (forest) after 

April 19 (day 109). ANOVA tests using ablation rates 
calculated from data after April 19 (day 109) were consistent 
with conclusions based on graphic data (Table 11). These 
analyses suggest that the more extreme ablation conditions in 
the latter half of the ablation season produced greater
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variation between plots.

A linear regression analysis of the relationship between 
canopy coverage and ablation rates showed a poor correlation 
between canopy and ablation rates for the entire ablation 
season (correlation coefficient = -0.221, r2 = 0.05). Similar 
analyses of ablation rates calculated during the latter half 
of the ablation season (April 19 to May 2) suggested a 
stronger relationship (correlation coefficient = -0.609, r2 = 
0.37). These analyses suggest that canopy cover is more 
important in influencing ablation rates during the latter half 
of the ablation period when solar radiation is more pronounced 
due to an increased day length and a higher sun angle.

Snow depth was also used to evaluate ablation patterns 

and variation between plots. Changes in snow depth with time 
(Figure 20) closely paralleled changes in SWE with time and 
supported previous conclusions based on SWE ablation analyses. 
Ablation rate variation among plots is not apparent before mid 
April, at which time there was a significant change in the 
ablation rates in Plot B (burned) and Plot C (clearcut), as 
indicated by the change in slope relative to Plot A (forest) 

in Figure 20.

■:?
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60 67 74 81 88 95 102 109 116 123 130 136
1993 _______Day in Year

Plot CPlot BPlot A

Figure 20. Snow depth means for plots A (mature forest), B
(burned forest), and C (clearcut) during the 1993 
ablation season.

Snow Density Trends. Snow density increased steadily in 
all plots throughout the ablation season (Table 8) as water 
content increased. Plot B (burned) and Plot C (clearcut) 
showed a decrease in density only on the last sampling date 
before all snow disappeared. Snow metamorphism processes 
during the ablation period generally produce larger grains and 
corresponding larger pore spaces. Water retention capacity of 
the snowpack due to capillarity decreases with increasing pore 
size and can produce a rapid release of water by gravity
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drainage (Colbeck, 1980). This loss of water from late season 
snowpacks may explain the decrease in snow density in Plot B 
(burned) and Plot C (clearcut).

Snow Density (g/cm3)
Date

Plot A 
Forest

Plot B 
Burned

Plot C 
Clearcut

3-1 0.26 0.26 0.26
3-15 0.26 0.26 0.26
3-29 0.31 0.31 0.31
4—5 0.36 0.36 0.36
4-12 0.35 0.35 0.35
4-19 0.39 0.39 0.39
4-26 0.38 0.38 0.38
5-3 0.37 0.34 0.32
5-10 0.38 0.0 0.0

Table 8. Snow Density for 
period, 1993.

all plots during the ablation

Hardy (1990) reported similar results in mid-April in
mixed species forests in Montana. The absence of similar
phenomena in Plot A (forest) may be a function of the timing
of sampling procedures. Sudden decrease in density may have 
occurred during the time between sampling intervals. The 
snowpack in Plot A may also have undergone snow metamorphism 
processes which differed from Plot B and Plot C due to 
different radiation and advection processes under the forest 
canopy and would therefore not have exhibited the same density
trends.
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CONCLUSIONS

The objectives of this study were to measure the changes 
in snow accumulation and ablation rates under a fire-altered 
forest canopy as compared to under an unburned forest canopy. 
Other studies addressing the effects of fire on snow processes 
focused primarily on the resulting runoff regime. This study 
was unique in that it addressed the processes affecting snow 
distribution and ablation rather than addressing only the 
results of these processes. Numerous related studies have 
addressed the effects of thinned and clearcut forests on snow 
distribution and ablation and found significant changes 
resulting from reduced canopy coverage. Many of these 
studies, however, were conducted at basin-wide scales and 
therefore incorporated varying terrain characteristics. This 
study was unique in that it controlled terrain variables, 
including elevation, slope and aspect, and thereby focused 
entirely on the influence of forest canopy on snow 
accumulation and ablation. The majority of the study was 
conducted during a year when weather conditions, including 
temperature, precipitation, and snow accumulation and
ablation, deviated only minimally from the mean conditions for
the region. This allows for application of the results to the

\

majority of years which fall within the range of normal 
conditions.

Results of this study indicate that forest fire can 
reduce forest canopy by as much as 90 percent and, over time.
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may result, in decreased basal area due to blowdown of fire- 
killed trees. This reduction of forest canopy was found to 
affect both the accumulation patterns and ablation rates of 
snow. In this study, the snow water equivalent accumulation 
in both the burned and clearcut plots exceeded that in the 
mature forest plot by 9 percent, indicating that burned forest 
canopies simulate the effects of clearcut openings on snow 
accumulation.

Related studies conducted in thinned forests and forest 
openings have shown a wide range in the effects of forest 
canopy coverage on snow accumulation. This range can be 
attributed to geographic .location and unmeasured or 
uncontrolled site specific (i.e. slope, aspect, and elevation) 
and climatic variables which also affect snow accumulation. 
The 9 percent difference, measured in this study, between the 
forested plot and both the burned and clearcut plots does not 
represent a substantial gain in accumulated snow. However, it 
is important to note that the forested plot represented a 
relatively low density forest. A more dense forest should 
intercept more snowfall and therefore produce greater 
differences between forested and burned or clearcut areas.

Regression analysis of the effect of canopy on snow 
accumulation explained only 43 percent of the variation in 
snow accumulation, when comparing the burned and unburned 
plots, suggesting that other variables, such as ground cover 
and microclimate variability, are important in determining
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snow accumulation. Consequently, the results recorded in this 
study may not be completely applicable to conditions at other 
locations.

The relationship between canopy and snow accumulation was 
also demonstrated using transect sampling which extended 
across and beyond the plot margins. Within the forested area, 
the greatest variation in SWE was associated with canopy 
variation, while within the burned and clearcut plots minimal 
variation was associated with minimal canopy coverage. These 
transects further revealed a marked decrease in accumulated 
SWE at the clearcut margin where forest canopy intercepted 
snowfall. The absence of any obvious pillows of wind 
deposited snow in the clearcut suggests that, in this area, 
wind redistribution of canopy intercepted snow may not be 
significant. More snow may be lost by sublimation of forest 
canopy-intercepted snow than that lost to wind redistribution.

Snow ablation rates also differed between plots, further 
supporting the conclusion that burning of the forest canopy 
simulates the effects of clearcutting on snow processes. 
These differences were only significant, however, during the 
latter half of the ablation period. Ablation rates calculated 
over the entire ablation season were not significantly greater 
in the burned and clearcut plots than in the mature forest. 
During the latter half of the ablation season, both the burned
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and clearcut plot ablation rates were 57 percent greater than 
that in the unburned forest. The deviation between ablation 
rates early in the ablation season as compared to late in the 
ablation season, as well as those between other related 
studies, suggests that snow ablation rates are subject to 
additional variables, such as weather conditions, photoperiod 
and solar angle, ground cover, and microclimate.

Implications of Results

Throughout arid western North America snow is of critical 
importance to the water supply of both mountainous and non- 
mountainous environments. Melted snow represents more than 50 
percent of water resources available in these areas (Haupt, 
1979). The fires of 1988 burned more than one third of the 
forests in Yellowstone National Park, having a significant 
effect on the forest structure of the region (U.S. Department 
of the Interior, 1992). Such widespread forest alteration 
should be of great interest to managers and planners whose 
goals include managing and predicting available water 
resources and who are concerned with flood potential (Dunne 
and Leopold, 1978).

This study has provided data which documents the effects 
of a fire-altered forest structure on the accumulation and 
ablation of snow. This study will add to the base of 
knowledge about snow distribution, the relationship between
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forest canopy and snowpack accumulation and ablation, and 
appropriate methodologies for exploring these relationships. 
The data should be useful to watershed managers, for 
forecasting the timing and volume of spring runoff from 
forested watersheds affected by forest fire, and to forest 
planners who determine forest fire policy on public lands. 
Large scale burning of forested watersheds, may produce greater 
snow accumulation, thereby enhancing the available water 
supply. These gains may be offset, however, by the increased 
ablation rates and the resultant decreased water storage 
associated with forest canopy reduction. Increased ablation 
rates may also affect the length of the growing season and 
soil moisture available for plants. This study should add to 
our understanding of the potential effects of regional climate 
change on forest structure and thus on hydrologic systems.

Further Studies

Further studies focusing on the effects of forest fire on 
snow accumulation and ablation should attempt to expand the 
applications of this study by addressing more diverse 
geographic locations and forest structures over a longer 
period of time. The applications of this study are limited by 
its local nature and because it was concentrated in a single 
habitat type. The knowledge base would benefit from studies 
incorporating forests exhibiting various degrees of recovery 
through time after fire. Such studies should ideally be
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corroborated with hydrograph data from burned and unburned 
watersheds in order to more accurately determine the net 
effects of forest fire on spring runoff.

The methods and equipment used in this study proved 
appropriate for addressing the hypotheses outlined. Future 
studies would benefit, however, from more frequent snow 
sampling in both the plots and along transects throughout the 
accumulation period. This would increase the likelihood of 
sampling on the exact date of peak accumulation. The 
measurement of burned and mature forest canopies using the 
photocanopyometer was found to be more accurate than the use 
of the densiometer.
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APPENDIX

Table 9. Statistical analysis results for two-sample t-tests
"*"n _ forest studies. An interval of differences which contains zero indicates that there 

is no evidence of a difference at the given confidence interval.

Application Plot
Sample 
Size (n) Confidence

Interval Interval of 
DifferencesBasal Area A 111 99 percent -0.002 0.005B 121

Tree Height A 10 99 percent .-1.69 3.03B 10

Table 10. Statistical analysis results for paired t—tests
conducted on canopy measuring instruments, 1993 
peak accumulation dates, and snow samplers. An 
interval of differences which contains zero 
indicates that thejre is no evidence of a difference 
at the given confidence interval.

Application Sample 
Size (n) Confidence

Interval
Interval of 
Differences

Photocanopyometer 
and Densidmeter

32 99 percent -0.50 9.74
1993 Peak Date 
Day 74 - Day 60

48 99 percent -1.294 0.289
U.S. Federal and 
Large Diameter 
Snow Tube

10 99 percent -0.942 1.342
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Table 11. Statistical analysis results for Tukey pairwise
multiple comparisons conducted for SWE, snow depth 
and ablation rates among all plots , for 1992 and 
1993. All tests applied a 95 percent confidence 
interval and a sample size of 16 for each plot. An 

■ interval of differences which contains zero 
indicates that there is ho evidence of a difference 
at the given confidence interval.

Plots Interval ofApplication Plot Mean Compared Differences
1992 Peak SWE A 14.8cm A: B -3.95 2.52B 15.6cm A: C -7.76 -1.29C 19.4cm B:C -7.05 -0.541993 Peak SWE A 26.Ocm A: B -4.16 -0.45B 28.3cm A: C -4.24 -0.53C 28.3cm B : C -I . 93 1.771993 Peak Depth A 1.03m A:B -0.10 -0.01B 1.08m A: C -0.11 -0.02C 1.09m B : C —0.06 -0.031992 SWE A 0.44cm A:B -0.30 0.10Ablation 
(cm/day) B

C
0.54cm 
0.62cm

A: C 
B : C

-0.39
-0.29

0.02
0.121992 Snow Depth A I.68cm A:B -0.41 0.21Ablation 

(cm/day) B
C

1.77cm 
I.97cm

A: C 
B : C

-0.61
-0.51

0.01
0.111993 SWE A 0.42cm A: B -0.10 0.04Ablation B 0.45cm A: C -0.10 0.04(cm/day) C 0.45crn B : C -0.07 0.071993 SWE A 0.86cm A:B — 0.60 -0.12Ablation B I .23cm A: C —0.60 -0.12C 1.23cm B:C -0.24 0.24
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