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Abstract

Species distribution and abundance patterns in the southern Cascades are influenced by both environmental gra-
dients and fire regimes. Little is known about fire regimes and variation in fire regimes may not be independent
of environmental gradients or vegetation patterns. In this study, we analyze variation in fire regime parameters
(i.e., return interval, season, size, severity, and rotation period) with respect to forest composition, elevation,
and potential soil moisture in a 2042 ha area of montane forest in the southern Cascades in the Thousand Lakes
Wilderness (TLW). Fire regime parameters varied with forest composition, elevation, and potential soil moisture.
Median composite and point fire return intervals were shorter (4-9 yr, 14-24 yr) in low elevation and more xeric
white fir (Abies concolor)-sugar pine (Pinus lambertiana) and white fir-Jeffrey pine (P. jeffreyi) and longest (20—
37 yr, 20-47 yr) in mesic high elevation lodgepole pine (Pinus contorta) and red fir (Abies magnifica)-mountain
hemlock (Tsuga mertensiana) forests. Values for mid-elevation red fir-white fir forests were intermediate. The
pattern for fire rotation lengths across gradients was the same as for fire return intervals. The percentage of fires
that occurred during the growing season was inversely related to elevation and potential soil moisture. Mean fire
sizes were larger in lodgepole pine forests (405 ha) than in other forest groups (103-151 ha). In contrast to other
parameters, fire severity did not vary across environmental and compositional gradients and >50% of all forests
burned at high severity with most of the remainder burning at moderate severity. Since 1905, fire regimes have
become similar at all gradient positions because of a policy of suppressing fire and fire regime modification will
lead to shifts in landscape scale vegetation patterns.

Introduction

The role of temperature and soil moisture in con-
trolling landscape-scale species distribution and abun-
dance patterns is widely recognized (e.g., Merriam
1898; Whittaker 1956; Peet 1978; Gosz 1992).
Landscape-scale vegetation patterns, however, are also
influenced by the spatial and temporal patterns of
natural or human caused disturbance. In forested land-
scapes, disturbances such as fire (e.g,, Romme &
Knight 1981; Romme 1982; Taylor & Skinner 1998),
windstorms (e.g., Foster 1988; Foster & Boose 1992),
and insect attacks (e.g., Veblen et al. 1991) have
all been documented to affect vegetation patterns.

Therefore, landscape-scale vegetation patterns are a
composite of the superimposed patterns of species re-
sponse to environment and disturbance (e.g., Romme
1982; Harmon et al. 1983; Veblen et al. 1992).
Moreover, spatial and temporal patterns of distur-
bance may not be independent of environmental or
forest compositional gradients making it difficult to
distinguish the contributions of disturbance or envi-
ronment to species distribution and abundance patterns
(e.g., Harmon et al. 1983; Barton 1993). Identifying
how disturbances and disturbance regimes (i.e., type,
severity, seasonality, return interval, size, rotation pe-
riod) vary across environmental gradients is therefore
essential for understanding how natural disturbance
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influences landscape-scale vegetation patterns (e.g.,
Harmon et al. 1983; Veblen et al. 1992).

In the southern Cascades, tree species distribution
is controlled primarily by temperature (elevation) and
secondarily by topographically controlled patterns of
soil moisture (Franklin & Dyrness 1973; Rundell et al.
1977; Barbour 1988; Parker 1991, 1995). Low eleva-
tion (<1700 m) well drained uplands are dominated
by Jeffrey pine (Pinus Jeffreyi Grev. & Balf.) and/or
ponderosa pine (P. ponderosa Laws). White fir (Abies
concolor (Gord. & Glend.) Lindl.) is locally abun-
dant on mesic sites at low elevation and it increases
in abundance with elevation where it forms mixed
stands with ponderosa pine, Jeffrey pine, sugar pine (P.
lambertiana Dougl.) and incense cedar (Calocedrus
decurrens (Torr.) Florin) between 1700 and 2000 m.
Between 2000 and 2400 m, the zonal dominant is red
fir (A. magnifica A. Murr.) and white fir and western
white pine (P. monticola Dougl.) are common red fir
associates at lower and upper elevations, respectively.
Subalpine forests, above 2400 m, are dominated by
mountain hemlock (Tsuga mertensiana (Bong.) Carr.).
Mesic flats that have a high water table, receive cold
air drainage, have poor soils, or have experienced high
severity fire are usually occupied by lodgepole pine
(P. contorta Dougl. ex Loud. var. murrayana (Grev. &
Balf.) Engelm.).

Fire was the most frequent and widespread distur-
bance affecting montane forests in the Pacific North-
west prior to Euro-American settlement. Fire occur-
rence changed with Euro-American settlement and
declined after 1905 due to a Federal policy of sup-
pressing fires (Strong 1973). Limited evidence of
pre-fire suppression fire occurrence in the Cascade and
Sierra Nevada Ranges derived from fire scarred trees
suggests that there is some variation in fire regime
parameters along gradients of elevation and poten-
tial soil moisture. Median fire return intervals are
shorter (5-14 years) in warmer low elevation pine
dominated forests and longer in cool upper montane
red fir (20-65 years) forests (McNeil & Zobel 1980;
Pitcher 1987; Taylor 1993; Caprio & Swetnam 1995;
Chappell & Agee 1996). The few data for lodgepole
pine forests suggest that fire return intervals are similar
(39-60 years) to upper montane red fir forests (Solem
1995; Agee 1981). Patterns of fire severity also appear
to parallel temperature and moisture gradients in the
montane zone. Fires in warmer low elevation pine and
mixed conifer forests are characterized as being low in
severity with most burns killing understory seedlings
and saplings (Kilgore 1973; Kilgore & Taylor 1979;

Bonnicksen & Stone 1982; Agee 1993). In cooler,
more mesic upper montane red fir and lodgepole pine
forests, fire severity patterns appear to be more vari-
able. High, moderate, and low severity patches occur
within the perimeter of most burns. Moderate and
high severity fires kill parts or all of an existing stand
(e.g., Kilgore 1973; Agee 1993; Taylor 1993; Chap-
pell and Agee 1996). Other fire regime parameters
have not been quantified in the montane zone and no
one has quantified variation along continuous environ-
mental and compositional gradients in the southern
Cascades. Characterizations of fire regime parameters
from scattered data over a wide area may mask impor-
tant geographic differences in fire regimes and species
response to disturbance (e.g., Veblen 1989; Spies &
Franklin 1989; Agee 1991; Taylor & Skinner 1998).

To determine how fire regimes may influence
landscape-scale vegetation patterns we use dendroe-
cology and gradient analysis to test the hypothesis that
pre-fire suppression fire regime parameters vary across
compositional (tree species) and environmental (ele-
vation, topographic moisture index) gradients in the
southern Cascade Range. Fire regime parameters we
analyzed in this study include the return interval, sea-
sonal occurrence, size, rotation period, and severity of
fires.

Study area

Our study was conducted in a 2042 ha area of the
6618 ha Thousand Lakes Wilderness (TLW) at the
southern tip of the Cascade Range, in northern Cal-
ifornia (Figure 1). Elevations in TLW range from
1700 to 2646 m and the climate is characterized by
cold wet winters and warm dry summers (Major,
1977). Mean monthly temperatures at Manzanita Lake
(1750 m), 13 km south of TLW, range from —1°C
in January to 17°C in July and annual precipitation
averages 105 cm, with most (84%) of it falling as
snow between November and April. Depth of the April
snowpack commonly exceeds 5 m in the upper mon-
tane (>2400 m) zone (Taylor 1990a, 1995). Forests
in TLW grow on soils underlain by Tertiary and Qua-
ternary aged volcanic rocks that have been extensively
modified by Pleistocene glaciation (Kane 1980; Norris
& Webb, 1990). Soil depth is highly variable but most
are well drained except those in the Thousand Lakes
Valley. The southern and western portions of TLW are
mountainous and dominated by Crater (2646 m) and
Magee (2606 m) Peaks, while the eastern portion is
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Figure 1. Location of study area, vegetation plots, and fire scar samples in the Thousand Lakes Wilderness, southern Cascades, California.

part of a gently sloping volcanic tableland punctuated
with tephra cones.

People have influenced fire regimes in TLW in
known and unknown ways. Native Americans used
TLW seasonally and are known to have used fire to
drive game and to manage plant populations for food
and fibre (Schultz 1954). However, we have no direct
evidence that they set fires in TLW. The first Euro-
American settlements in the vicinity were established
in 1850. Large numbers of sheep and cattle grazed
surrounding meadows and forest between 1860 and
1904 (e.g., Durbin 1930; Hatcher 1940; Strong 1973;
Taylor 1990b), and grazing may influence fire regimes
by reducing grassy fuels (e.g., Savage & Swetnam
1990). Stock numbers were reduced when a grazing
permit system was introduced in 1905 when the area
became part of the Lassen National Forest Reserve.
TLW became part of the Lassen National Forest in
1907. Grazing of 20-40 cattle continued in an allot-
ment that included the southeast corner of TLW until

1956 (USDA 1995). TLW became part of the national
wilderness system in 1965. A policy of suppressing
fire was implemented in 1905 with the establishment
of the forest reserve system (Strong 1973).

Methods

Forest composition

We characterized forest composition in TLW by first
stratifying forest type by elevation and slope aspect
using a forest cover type map, and then sampling
100 400-m? plots in strata in stands that were ho-
mogenous in structure, composition and environment
(Figure 1). The geographic location of each plot was
then determined (GPS) and plot locations were placed
on the topographic/forest cover type map. In each
plot, the diameter of all stems >4.0 cm dbh was mea-
sured and the elevation, slope aspect, slope pitch,
slope configuration, and topographic position of each
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plot were recorded. The last four values were used to
identify each plot’s Topographic Relative Moisture In-
dex (TRMI), a measure of potential soil moisture that
ranges from 0 (xeric) to 60 (mesic) (Parker 1982).

Compositional groups were identified using two-
way indicator species analysis (TWINSPAN; Hill,
1979). TWINSPAN is a polythetic, divisive, hierarchi-
cal clustering technique that produces successive bi-
nary splits of a reciprocal averaging ordination (Gauch
1982). Plots were grouped by species importance val-
ues (IV) which were calculated as the sum of relative
basal area, relative density, and relative frequency
(range 0-300) of each species in each plot (e.g., Cot-
tam & Curtis 1956). A minimum group size of 10 was
used for the forest plot classification.

We used the forest compositional groups to estab-
lish sample units for fire regime sampling by drawing
boundaries equidistant between adjacent plots in dif-
ferent groups. Because some stands did not contain
external tree ring evidence of fire, only a restricted set
of plots (n=66) is included in the fire regime sample
units. Therefore, the fire regime data come only from
part of the environmental gradient in the TLW. The
area of each sample unit was then determined from the
topographic/forest cover type map using a planimeter.

Fire regimes

Fire regime parameters (i.e., return interval, season,
extent, rotation, severity) in forest compositional units
were quantified using three types of dendroecological
evidence: (1) fire scars in partial wood cross sections
removed from fire scarred trees; (2) radial growth
changes in trees; and (3) the age-class distribution of
trees in plots (e.g., Arno & Sneck 1977; Barrett &
Arno 1988). We identified 145 fire-scarred trees in
all compositional groups in TLW, but only 50 were
collected because most of the scarred trees were too
decayed to sample. Fire scar samples were collected
by cutting partial cross sections from live and dead
trees using a chainsaw (Arno & Sneck 1977) and the
location of each sample was determined (GPS) and
placed on the topographic/forest cover-type map. Fire
dates in each cross section were identified by sanding
each sample to a high polish, cross dating its annual
rings with a nearby tree ring chronology (Drew 1972;
Holmes et al. 1986), and recording the year of each
tree ring that contained a fire scar.

The season each fire occurred in was estimated
by recording the position of each fire scar within
an annual growth ring. Scar positions were assigned

to one of five categories (cf. Baisan & Swetnam,
1990): (1) early, early earlywood (first one-third of
earlywood); (2) middle, middle earlywood (second
one-third): (3) late, late earlywood (last one-third;
(4) latewood, latewood; or (5) dormant, dormant (be-
tween growth rings). In these high elevation forests,
dormant season scars represent fires that occurred after
trees stop growth for the year in late summer or fall
(Caprio & Swetnam 1995).

Variation in fire return intervals (FRI) by compo-
sitional group was identified by calculating both com-
posite and point median FRI for all fires in samples
from each group. Composite FRI include all recorded
fires in an area, including small spot fires and therefore
they tend to shorten as the area considered increases.
In contrast, point FRI reflect the time dependence of
fire occurrence related to fuel accumulation at a sin-
gle point and thus give a conservative estimate of fire
occurrence (Kilgore & Taylor 1979; Arno & Petersen
1983).

In order to identify temporal variation in FRI that
may be related to land use changes we calculated FRI
for the presettlement (1652-1849), settlement (1850—
1904), and fire suppression periods (1905—present).
Composite FRI were used for temporal comparisons
because they are more sensitive to changes in fire oc-
currence related to land use changes than are point
intervals (Dieterich 1980).

Fire can generate distinct age-classes in forest
stands so we aged a subsample of trees in each plot
to identify fire-related cohorts of trees (e.g., Arno &
Sneck 1977). An average of 19 trees (range, 11-27),
in the range of size-classes present in each plot, were
cored 30 cm above the ground. Trees >100 cm dbh
were cored at 1 m. Tree ages were then determined
by sanding cores to a high polish and counting the
tree rings beneath a binocular microscope. Distinct
pulses of recruitment lasting for 10-30 years were
deemed fire related if the onset of high tree recruitment
corresponded to a fire date in a nearby fire scar sample.

Fires that injure but do not scar trees can cause
sudden changes in the radial growth of trees (Arno
& Sneck 1977; Rowe et al. 1974; Barrett & Arno
1988; Means 1989; Brown & Swetnam 1994). Con-
sequently, we used radial growth suppressions and
releases (200% change in radial growth for five years
compared to the previous five years) to identify fire
dates in cross sections and cores with no associated
scar in the sample. Tree rings in cores or cross sections
with radial growth suppressions or releases were cross
dated and the dates of radial growth changes were



identified and deemed fire related if a nearby fire scar
sample recorded the fire in the same year.

Fire extent was estimated from the mapped loca-
tions of fire occurrence in cross sections and plots.
Boundaries were drawn equidistant between points
(minimum of 3) with and without fire evidence in a
given year, and boundaries were extended upslope un-
til a potential barrier to fire spread (i.e., lava flows of
rock outcrops, compact short-needle fuel beds) was
encountered (Agee et al. 1990; Agee 1993). The area
of each fire was then determined with a planimeter.

The fire rotation (FR) (Heinselman 1973) was es-
timated for each compositional group using the fire
extent data. FR is the number of years needed for an
area equal to the size of the study unit to burn, given
the extent of burning in that period. For any given pe-
riod, some parts of a study unit may burn more than
once and others not at all (Heinselman 1973).

Fires burn with variable severity across a land-
scape, killing many trees in some stands and few in
others and variation in fire severity is reflected in the
age-structure of forest stands. For example, stands that
have experienced severe fires are usually even-aged
(unimodal age-class distribution), while multi-aged
stands (multi-modal distributions) reflect moderate
severity fires that killed only portions of the stand.
Low severity fires, in contrast, may not produce any
discrete age classes (Heinselman 1973; Johnson 1979;
Agee et al. 1990).

Spatial variation in fire severity was determined us-
ing tree age data in plots and forest patches evident on
1939-1941 and 1993 aerial photographs to map the
cumulative proportion of the study area that burned at
high, moderate, and low severity between 1864 and
1939. Stand boundaries were too diffuse to map earlier
evidence of fire severity in the study area. Patches of
forest that burned at different severity were identified
on the aerial photographs using the relative density of
short even-aged stems and taller, emergent trees that
survived successive fires. High severity patches had
<10 emergent stems ha~!, moderate severity patches
had 10-20 emergent stems ha~!, and low severity
patches had >20 emergent stems ha~!. Brushfields
were assumed to be caused by past high severity
fire. Brushfields in the 1939-1941 photographs were
mostly forest in the 1993 aerial photographs.

We also mapped landscape-scale patterns of sever-
ity for parts of three individual fires (1883, 1889,
1918). The area for each fire represents only the area
where there was no overlap between fires.

19
Results

Forest composition and environmental gradients

Five forest compositional groups were identified by
TWINSPAN based on species importance values, and
they were segregated by elevation and potential soil
moisture (P<0.001 ANOVA) (Table 1, Figure 2a).
White fir-sugar pine (WF-SP) stands (n=14) occur at
low elevations (1750-1965 m) on west facing slopes,
and they contain a mixture of white fir, sugar pine,
Jeffrey pine, and ponderosa pine. White fir-Jeffrey
pine (WF-JP) forests (n=34) occur between 1750 and
2070 m on south, north, and east aspects; stands are
strongly dominated by white fir, and Jeffrey pine is a
common associate. Red fir-white fir (RF-WF) stands
(n=24) occur between 1900 and 2170 m on all slope
aspects; red fir is the dominant and white fir and
western white pine are common associates. Lodgepole
pine (LP) stands (n=13) occur on mesic flats between
1950 and 2110 m. They are strongly dominated by
lodgepole pine, and red and white fir are important
associates. Red fir-mountain hemlock (RF-MH) stands
(n=15) occupy north-facing slopes at high elevations
(1945-2210 m). They are co-dominated by red fir
and mountain hemlock, and western white pine is a
common associate.

Fire regimes and compositional/environmental
gradients

Fire record
Sixty-five fire dates between 1652 and 1942 were iden-
tified from 310 fire scars in 50 samples. The length of
the fire record varied by forest compositional group
and was longest in WF-SP (1658-1904, n=9) and
WE-JP (1652-1918, n=18) forests, and shorter in RF-
WF (1694-1899, n=7), LP (17551883, n=10), and
RF-MH (1717-1942, n=6) forests (Figure 3).
Composite fire return intervals were calculated for
different periods for each compositional group, start-
ing with the year fires were recorded by at least
two samples. The period was 1658—1995 for WF-SP,
1710-1995 for WF-JP, 1749-1995 for RF-WF, 1755—
1995 for LP, and 1783—-1995 for RF-MH forests. For
point fire return intervals, all recorded fires in multiple
scarred samples (n=43) were included, so the length
of the fire record varied with each sample.

Season of fire occurrence
The position of fire scars within annual rings var-
ied across compositional (Table 2) and environmental
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Figure 2. Diagram of (a) forest compositional group (see Table 1); (b) season of fire occurrence; (c) composite median fire return interval;
(d) mean fire size; (e) fire rotation (pre-1905); and (f) cumulative fire severity since 1864 relative to elevation and relative soil moisture
(Topographic Relative Moisture Index) (Parker 1982) in the Thousand Lakes Wilderness, southern Cascades, California.
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Figure 3. Composite fire chronology for forest types (see Table 1) in the Thousand Lakes Wilderness, southern Cascades, California.

gradients (Figure 2b). Fires in WF-SP (54.8%) and
WEF-JP (42.5%) occurred more frequently during the
growing season (early to latewood) than fires in RF-
WF (22.6%), LP (26.7%), and RF-MH (0%) forests.
All middle and late earlywood scars occurred on low
elevation sites or mid elevation sites with low TRMI,
(WFE-SP, WF-JP, RF-WF), whereas high elevation sites
(LP, RF-MH) had more latewood and dormant season
scars.

Fire return interval

Composite median FRI varied by compositional group
(Table 2) and position on the environmental gradient
(Figure 2c¢). Composite FRI were shortest in WF-JP
forests (4 years), intermediate in WF-SP (9 years),

RF-WF (9.5 years) and RF-MH (20 years) forests, and
longest in LP forests (37 years). FRI were shortest on
low elevation and more xeric mid elevation sites (WF-
SP, WF-JP, RF-WF) and longer in high elevation sites
(LP, RF-MH) (P<0.001 7-test).

Point FRI were longer than composite FRI but the
pattern of variation along gradients was similar except
for RF-MH forests (Table 2). Median point FRI were
shortest in low elevation WF-JP (14 years) and WF-SP
(15 years) forests, intermediate in mid-elevation xeric
RF-WF (24 years) forests, and longest in high eleva-
tion LP (47 years) forests. The median point FRI for
high elevation RF-MH forests was 20 years (Table 2).
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Table 2. Fire regime parameters for forest compositional groups (see Table 1) in the Thousand Lakes

Wilderness, Southern Cascades, California.

Compositional group

Parameter WE-SP WE-JP RF-WF LP RF-MH
Number of sample plots 13 20 9 18 6
Number of fire scar samples 9 18 10 7 6
Season of fire (%)
Dormant 45.2 57.5 77.4 73.3 100
Latewood 23.8 25.0 12.9 26.6 0.0
Late 23.8 17.5 9.7 0 0
Middle 7.1 0 0 0 0
Early 0 0 0 0 0
Unknown 46.8 25.5 18.4 25.0 58.3
number of scars 79 161 38 20 12
Fire return interval (yr)
Composite median (range) 9 (2-35) 4 (1-20) 9.5 (3-37) 37 (6-48) 20 (9-91)
Point median (range) 15(743) 14 (7-25) 24 (4-55) 47 (28-54) 20 (9-91)
Sample area (ha) 335 537 30372 460 338

Fire size (ha)
Mean (range)

Fire rotation (yr) 34
Fire severity (%)
Low 2
Moderate 35
High 63
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44
52

103(12-335)145.7 (34-388151(34-372)405(295-460) 140 (124-155)

50 46 147
13 8 15
21 38 30
66 54 55

FRI also varied temporally (Table 3). Few or no
fires burned after 1905 in any compositional group
(Table 3; Figure 3). But fires burned frequently during
the presettlement and settlement periods and there was
no difference (P>0.01, ¢-test) in presettlement and set-
tlement FRI for any compositional group or the study
area as a whole.

Fire extent

Fire extent varied by year, by forest compositional
group and on sites with different potential soil mois-
ture (Table 2; Figure 2d). The average size of a fire
(n=33) between 1729 and 1918 was 298 ha (range 34—
1684 ha) and fires >600 ha occurred in 1783, 1864,
1883, 1885, and 1889. Average fire sizes were simi-
lar and smaller in WF-SP (103 ha, range 12-335 ha),
RF-MH (140 ha, range 124-155 ha), WF-JP (146 ha,
range 34-388 ha), and RF-WF forests (151 ha, range
34-372) than in LP forests (405 ha, range 295-
460 ha). Average fire size also varied with potential
soil moisture. Fires were smaller on low elevation
xeric sites and largest on mesic mid elevation sites.

Fire rotations

FR for the pre-1905 period varied by compositional
group (Table 2) and across environmental gradients
(Figure 2e). FRs were shortest for WF-JP forests
(21.5 years), followed by WF-SP (33.7 years), LP
(45.8 years) and RF-WF (50.4 years) forests. The FR
in RF-MH forests was longer (146.6 years) than in
other compositional groups. Variation in FRs was also
strongly associated with elevation.

Fire severity

The cumulative percentage of area burned at low, mod-
erate, and high severity since 1864 was similar across
environmental and compositional gradients (Table 2,
Figure 2f). More area burned at high or moderate
severity than low severity on all slope aspects, slope
positions and in all compositional groups.

Fire severity patterns were strongly influenced by
the severity of fires in 1883, 1889, and 1918. The
1883 fire burned most of the LP forest in the Thousand
Lakes Valley and RF-MH forests on the north slope
of Fredonyer Peak. Most of it burned at high severity.
The 1889 fire burned low elevation WF-SP and WF-JP
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Table 3. Mean composite fire return interval (yr) for the presettlement, settlement, and fire suppression period
by forest type (see Table 1) in the Thousand Lakes, Wilderness, southern Cascades, California. There was no
difference (P>0.01, ¢-test) in the mean fire return interval for the presettlement and settlement period. Few fires
burned during the suppression period. n is the number of intervals.

Forest type  Presettlement —mean n Settlement Mean n Fire suppression  Mean n

time period time period time period

WE-SP 1658-1849 11.3 16  1850-1904 10.8 5 1905-1995 * *
WE-JP 1710-1849 5.8 4 1850-1904 5.1 9 1905-1995 * *
RF-WF 1749-1849 23.0 1850-1904 7.0 7 1905-1995 * *
Lp** 1755-1849 23.5 3 1850-1904 * % 1905-1995 * *
RF-MH** 1783-1849 335 1850-1904  27.0 2 1905-1995 45.0 2
All 1652-1849 52 37 1850-1904 3.6 15 1905-1995 12.0 2

**Too few intervals for comparison.

forests, and RF-WF forests, on the southern, western,
and northern slopes of Crater and Magee Peaks, and it
was mostly a high severity burn. Low elevation WF-
JP forests southeast of Fredonyer Peak also burned at
high severity in 1918.

Discussion

Species distribution and abundance patterns varied
across environmental gradients in TLW. Tree species
were segregated primarily by elevation and secondar-
ily by topographically controlled patterns of potential
soil moisture. Similar species distribution patterns
have been identified elsewhere in the southern Cas-
cades (e.g., Barbour 1988; Franklin & Dryness, 1973;
Taylor 1990a; Parker 1991, 1995) and they are region-
ally typical.

Variation in some fire regime parameters in TLW
paralleled environmental and compositional gradients.
Both composite and point FRI were shortest in low
elevation mixed conifer forests and longest in mid
elevation mesic LP forests; xeric RF-WF and high ele-
vation RF-MH forests were intermediate. Our FRI are
probably conservative estimates of fire occurrence for
compositional groups because low intensity fires may
not scar trees and trees scarred by fires may heal over
completely leaving no exteral evidence of fire (Agee
1993; Taylor 1993; Taylor & Skinner 1998). Our esti-
mates, however, fall within the range for forests with
similar composition elsewhere in the Sierra Nevada
and Cascade ranges (e.g., Kilgore & Taylor 1973; Mc-
Neil & Zobel 1980; Taylor 1993, 2000; Caprio &
Swetnam 1995; Solem 1995).

The increase in length of FRI with elevation is
probably caused by factors that influence the pro-

duction and flammability of fuels. Fine fuel produc-
tion rates are higher in low elevation mixed conifer
forests than in upper montane fir dominated forests
or mixed species subalpine forests (Agee et al. 1978;
Stohlgren 1988; van Wagtendonk, pers. commun.).
Consequently, fires can can reburn in a low elevation
mixed conifer site sooner. Fuel beds of long pine nee-
dles (i.e., Jeffrey pine, ponderosa pine, sugar pine) are
also less dense than those composed of short needled
species (i.e., white fir, red fir, lodgepole pine) (Agee
1993; van Wagtendonk 1998) and fire spread and in-
tensity are greater in low density fuel beds (Albini
1976; Rothermel 1983; Fonda et al. 1998). Finally,
the period fuels are dry enough to burn each year is
longer on warmer low elevation sites than on cooler
more mesic high elevation sites.

FRI declined dramatically in TLW after 1905 with
the onset of a federal fire suppression policy. Fire
suppression has reduced the frequency and extent of
fires throughout the Sierra Nevada and Cascade ranges
compared to the pre-suppression period (e.g., Kilgore
& Taylor 1979; McNeil & Zobel 1980; Taylor 1993,
2000; Skinner & Change 1996). In some ponderosa
pine dominated forests in the Sierra Nevada (e.g.,
Caprio & Swetnam 1995), and in Arizona (e.g., Sav-
age & Swetnam 1990), an earlier settlement period
reduction in fire occurrence has been identified and
attributed to livestock grazing. There was no evidence
of a settlement period decline in fire frequency in TLW
that could be attributed to 19th century grazing. A
presettlement fire regime persisted in TLW until fire
suppression was implemented in 1905.

The season fires burn strongly affects species’ re-
sponse to fire (e.g., Kauffman 1990; Agee 1993), and
the season fires burned varied along environmental and



compositional gradients. Growing season fires were
more frequent in drier, low elevation forests than in
more mesic or high elevation forests. This pattern is
probably due to earlier drying of fuels at low eleva-
tion. Fires may not start or spread into higher elevation
forests until late summer when fuels are dry enough to
carry fire.

Variation in fire size was inversely related to the
soil moisture gradient and the average period between
fires. The average fire was three-fold larger in mesic
mid-elevation LP forests with long FRI than in other
forests at either high or low elevation. This pattern is
probably related to relatively long periods of fuel accu-
mulations between unusually dry years that are needed
to dry fuels to the point that they carry fire. Large
fires in LP forests occurred in 1783, 1829, and 1883,
which regional tree ring reconstructions of drought
(Palmer Drought Severity Index) show as being dry
or very dry years (Cooke et al. 1996). Relatively long
periods of fuel accumulation between drought years
would provide sufficient fuels for fires to burn over
large areas.

Fire rotation lengths in TLW are strongly associ-
ated with elevation. Rotation periods are much shorter
in low elevation mixed conifer forests than in high
elevation RF-MH forests because similar sized fires
burn more often. LP forests have intermediate rota-
tion lengths, despite long FRI, because fires are more
extensive.

Fire severity patterns in TLW, in contrast, did not
vary much across compositional and environmental
gradients. High severity fires comprised >50% of the
cumulative area burned between 1864 and 1939 in all
forest groups and most of the remaining area burned
at moderate severity. The large proportion of high and
moderate severity burns strongly reflects the severity
patterns of three recent fires (1883, 1889, 1918). Each
of these fires burned at high severity through two or
more forest groups and they burned a combined area
>2200 ha. Fire severity patterns for burns earlier in
the 19th century could not be reconstructed because
the recent severe burns consumed tree-ring evidence
of them. It is therefore uncertain if the similarity in
fire severity we identified across both environmental
and compositional gradients is due to chance behavior
of fires during recent burns or a persistent pattern for
forests in TLW.

The patterns of fire severity we identified for
TLW mixed conifer forests are inconsistent with gen-
eral models of pre-Euro-American fire regimes in the
Sierra Nevada (e.g., Kilgore 1973) and Cascade Range
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forests (e.g., Agee 1993). Fires in mixed conifer
forests have been previously described as being fre-
quent and low to moderate in severity (e.g., Kilgore
1973; Agee 1993). These frequent, low severity fires
kill mostly seedlings and saplings, and occasionally
parts of stands, creating fine-grained structures of open
and closed canopy conditions and fuels, which impede
development of high severity fires (e.g., Bonnicksen
& Stone 1982; Kilgore 1973; Kilgore & Taylor 1979;
Parsons & DeBenedetti 1979; Skinner & Chang 1996).
In TLW, fires in mixed conifer forests (WF-SP, WF-
JP) burned primarily at high and moderate severity
and generated coarse-grained structures of even or
multi-aged forests at landscape scales.

The large area of high and moderate severity pat-
terns we identified in TLW mixed conifer forests is
not the result of unusually high fuel accumulations
from 20th century fire suppression, which have re-
cently caused severe fires in mixed conifer forests in
the Cascade and Sierra Nevada Ranges (Agee 1993;
Weatherspoon et al. 1992; Husari & McKelvey 1996;
Skinner & Chang 1996). Severe fires in the TLW
pre-date the fire suppression period. Moreover, high
severity fires also occurred in the 19th century in other
southern Cascade mixed conifer forests (Beaty 1998;
Taylor unpublished data). The predominantly high and
moderate severity fires in mixed conifer forests in
TLW indicate general models of mixed conifer should
be modified to include greater variation in fire severity
and it suggests that there may be geographic variation
in mixed conifer forest fire regimes. Geographic lo-
cation is known to contribute strongly to variation in
disturbance regime parameters and to species response
to disturbance in other forested landscapes (e.g., Spies
& Franklin 1989; Veblen et al. 1992; Shinneman &
Baker 1996; Taylor & Skinner 1998).

Conclusions

Species distribution and abundance patterns in the
southern Cascades change markedly along tempera-
ture and moisture gradients. Along these same gradi-
ents there is also variation in fire regime parameters
that can affect vegetation patterns. Changes in the
return interval, rotation period, and season of fires
are not independent of environmental or species dis-
tribution patterns because species composition, tem-
perature, and moisture all influence the distribution,
production, abundance, and flammability of fuels. Pat-
terns of fire severity, in contrast, were independent of
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compositional and environmental gradients, and varia-
tion in fire severity is a potentially important source of
diversity that affects vegetation patterns at landscape
scales (Christensen 1993; Chappell & Agee 1996;
Taylor & Skinner 1998). The pattern of mostly high
and moderate severity fires at all positions on compo-
sitional and environmental gradients probably reflects
chance events (i.e., extreme fire weather) that diminish
the importance of variation in fuels in fire behavior
(e.g., Bessie & Johnson 1995). These fire severity
patterns underscore the influence of non-equilibrium
processes on vegetation patterns in TLW. Managers
have also modified fire regimes in TLW for nearly a
century by suppressing fire at all gradient positions.
This modification will undoubtedly cause some shifts
in species composition, and change landscape scale
vegetation patterns.
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