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A B S T R A C T

The growing public awareness of the increasing number of large wildfires across forested landscapes,

coupled with needs of resource base management has accelerated research into forest reference

conditions and the historical role of fire in coniferous ecosystems. This work investigates historical fire

regimes of mixed-conifer forests in the San Jacinto Mountains of southern California using fire-scar

dendrochronology. As such this is the first reconstruction of fire history in the mixed-conifer forests of

southern California using landscape-scale systematic-based fire-scar dendrochronology. The pre-

historical fire size, seasonality, and frequency within these forests are reconstructed and demonstrated

graphically, employing systematic sampling and Geographical Information System (GIS) reconstruction.

A 250 m grid system was overlaid upon a 270 ha sample location, and fire-scar samples were collected

from each of the grid intersection points. Fire-scar dendrochronology resulted in a 653 years long

chronology, indicating a point mean fire return interval of 5.2 years, and an area wide grand mean fire

interval of 32.2 years. The majority of fires occurred within latewood or at the ring boundary. Graphic

modelling of fire events indicate three-quarters of all fires sampled were less than 6.25 ha in size, but

burned over 50% of the area sampled during the period; only a small portion of fires were larger than

18 ha within the sample area. Use of systematic sampling is an important step in modeling long-term

frequency and effects of fire on a landscape level, and is invaluable to the long-term management

planning.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Characterizing fire regimes and fire seasonality in Californian
mixed-conifer forests is difficult, but is an ongoing facet of forest
research (Skinner and Chang, 1996). Forest communities are
subject to variable fire regimes, and a large suite of edaphic and
climatic conditions (Jenkinson, 1990; Skinner and Chang, 1996).
These factors contribute to variation in the spatial and temporal
structure of fuels accumulation that directly affects fire regime
(Skinner and Chang, 1996; Stephens, 2001; Taylor and Skinner,
2003). Fire regimes in mixed-conifer forests in southern California
have yet to be characterised using fire-scar dendrochronology. Fire
seasonality for mixed-conifer forests in this region also requires
description.

The mixed-conifer forests of the San Bernardino and San Jacinto
Mountains are under duress from drought, insects, increasing forest
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density, and an encroaching wildland–urban interface (WUI)
(Savage, 1994; Albright, 1998; Stephenson and Calcarone, 1999).
Establishment of reference conditions, an assessment of forest
conditions which develop as a result of the complex interactions of
natural disturbance, are needed to develop working targets for the
restoration and ecologically based management of mixed-conifer
forests (Stephens and Fule, 2005). Written historical references,
spatial chronosequences from remote sensing, and the reconstruc-
tion of fire regimes from available woody materials all serve as tools
used in defining forest reference conditions (Swetnam et al., 1999).
The interaction of fire, coupled with variations in fuels, physio-
graphic factors and climate, and the effects of post-European
settlement make the presumption of pre-historical similarity
problematic (Swetnam, 1993; Grissino-Mayer and Swetnam,
1997; Skinner, 1997; Millar and Woolfenden, 1999; Veblen et al.,
2000; Stephens et al., 2003). Even so, fire history provides insight
into the dynamic processes, and alterations to those processes,
which have occurred during the long life of a forest tree.

Fuel conditions, forest conditions, disturbance history, and
geomorphology all play roles in fire-scar occurrence and resulting
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landscape fire patterns (Gill, 1974; Taylor and Skinner, 2003).
However, information combining size and frequency of fire
disturbance events is limited (Agee, 1998; Taylor and Skinner,
1998, 2003; Stephens and Fry, 2005). Sampling methods used in
determining reference conditions must evaluate variation in these
factors in fire history reconstruction, especially when depicting
regimes across landscape-level tracts. Previously, many fire history
studies were either variable in size, or sampled opportunistically.
Many previous fire-scar histories have subjectively targeted trees
within stands, maximizing temporal lengths of records of historical
fire events, and making statistical comparison between plots
dependent on the fire frequency found within small areas or
spatially limited samples (Swetnam and Baisan, 1996; Gutsell and
Johnson, 1996; Taylor and Skinner, 1998; Baker and Ehle, 2001;
Falk and Swetnam, 2003; Taylor and Skinner, 2003).

Fire-scar sampling is beginning to occur at landscape scales,
and to employ systematic sampling techniques (Taylor and
Skinner, 2003; Van Horne and Fule, 2006). Systematically based
fire-scar histories are being designed and performed to
investigate the sample sizes needed to accurately represent fire
intervals (Falk and Swetnam, 2003; Van Horne and Fule, 2006).
Extrapolation of fire histories derived from small sample areas to
entire landscapes can result in an invalid characterization of the
role of fire across a landscape, making difficult the determination
of the accuracy and applicability of fire history reconstructions,
and the comparison of differing fire regimes (Johnson and
Gutsell, 1994; Baker and Ehle, 2001; Morgan et al., 2001; Van
Horne and Fule, 2006). Combining reference-target fire regime
reconstruction with systematic sampling across a landscape
potentially increases overall robustness and management
applicability of such a study.
Fig. 1. Black Mountain sampling location, and grid, in the San Bernardino mountain
Two fire-scar dendrochronology studies for the coniferous
forests of southern California have occurred previously. McBride
and Laven (1976) sampled individual trees along a forest-wide
transect, with a minimum distance between trees of 1.6 km.
Sheppard and Lassoie (1998) analyzed fire occurrence and forest
structure in the nearby upper montane and subalpine San Jacinto
conifer communities dominated by Pinus contorta var. murrayana

(Grey & Balf.) Crtich. Reconstruction of fire intervals from the
existence of burn perimeters employing aerial photogrammetry
recorded during the historical period of fire suppression has been
performed (Minnich et al., 2000). This reconstruction and fire-scar
dendrochronology work (McBride and Laven, 1976) have led to a
generalized model of the pre-suppression role of fire in the
community. However, fire-scar dendrochronological reconstruction
of fire regimes in southern California mixed-conifer forests has yet to
be performed. The object of this work is to investigate both pre-
historic and historic fire regimes of mixed-conifer forests in the San
Jacinto Mountains of southern California using dendrochronology.
This work is the first reconstruction of fire history, fire seasonality,
and fire extent in the mixed-conifer forests of southern California
using landscape scale systematically sampled fire-scar dendrochro-
nology. The pre-historical fire size and frequency within these
forests are both reconstructed and demonstrated graphically.

2. Methods

2.1. Study area

Fire history was examined for the mixed-conifer forests at Black
Mountain approximately 10 km north of Idyllwild, California
(Fig. 1). The plots are located at latitude 3384705000 North,
s of southern California. Location is within the San Bernardino National Forest.
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11684405500 East, at 2200 m elevation. The San Jacinto Mountains
form the northernmost portion of the California Peninsular ranges.
The Black Mountain area has been subject to limited historic
disturbances such as logging or mining. The relatively shallow soils
are derived from granitic materials, and granitic boulders can
occupy up to 20% of the area.

The forests of Black Mountain are floristically similar to forests
in the southern Sierra Nevada, and to those in the Sierra San
Pedro Martir (Stephens and Fry, 2005; Stephens and Gill, 2005).
Mixed-conifer forest covers 54,387 ha of the San Bernardino
Mountains (Stephenson and Calcarone, 1999), with dominant
species Pinus jeffreyi (Grev. and Balf.), Abies concolor (Lindley),
Pinus lambertiana (Doug) and Quercus chrysolepsis (Lieb.). Canopy
co-dominants in the include Calocedrus decurrens (Florin) and
Quercus kelloggii (Newb.) (Thorne, 1988; Barbour and Minnich,
2000; Minnich and Everett, 2001). Nomenclature follows that of
Hickman (1993).

Climate is Mediterranean with cold wet winters and hot dry
summers, with an annual precipitation at Black Mountain of
82.5 cm per year as winter rain or snow (Teale Data Center, 1999).
Winter snowpacks at these elevations persist into March, and later
on north-facing slopes. Summer thunderstorms account for less
than 15% of annual precipitation (U.S. Department of Commerce,
1999). Mean monthly temperatures range from January lows of
0 8C to July highs of 18 8C (U.S. Department of Commerce, 1999).

2.2. Fire-scar sampling

A systematic 250 m � 250 m grid extending over the 270 ha
sample area (Fig. 2) was created using Geographical Information
System (GIS) coverages derived from United States Geological
Service digital elevation data of the area. A point of origin was
randomly established with GIS using the 1000 m tick marks from
the Universal Transverse Mercator Projection system, Zone 11
(California), and a 250 m � 250 m grid based off the random origin,
providing uniform coverage over the sample area. Using a Global
Positioning System (GPS) receiver, each plot was located in the
field and assessed as to suitability for representing the mixed-
conifer vegetation series (Sawyer and Keeler-Wolf, 1995). A 0.1 ha
circular plot was established using the grid point as plot center.
Fig. 2. Fire-scar derived dendrochronology, composit
The use of a systematic sampling grid allows modeling of fire
sizes by a simple stochastic graphical process, based on whether or
not plots within the grid exhibit the same fire year. Each point on
the sampling grid represents fire sizes from point size (a few
square meters) up to a maximum of 6.25 ha (250 m2). If a fire has
scarred a single tree at a single point during a single year, it is
modelled as a small fire, 0–6.25 ha in size. Trees scarred from the
same year at adjacent plots are considered to represent a single
fire, with a maximum spatial extent of 12.5 ha. Trees scarred in the
same year from 3 adjacent plots are representative of 18.75 ha, and
so on. Fires occurring the same year, but at non-adjoining plots
were considered as individual fires. Forest structure in the Black
Mountain area was assessed simultaneously with the fire history
on the 270 ha grid system (Table 2).

All field plots were photographed and a permanent marker tag
identifying plot number, investigator, and date installed. Fire-
scarred record trees were permanently tagged. The distance and
bearing to the nearest fire-scarred tree was recorded. Sampling
was purposely limited to the nearest fire-scarred individual in
order to minimize arguments regarding targeting of trees
exhibiting multiple fire scars (Johnson and Gutsell, 1994); thus
any dead, downed or remnant tree containing a visible fire scar was
considered to be the closest suitable sample for the grid. Specimens
containing rot, active wildlife, or otherwise unsuitable for fire-scar
records were not used in sampling. Live materials were sampled
only when no suitable remnant materials were available. Addi-
tional plot information recorded included plot location and
physiographic data including percent slope, slope aspect (8),
elevation (m), and geology (after Taylor, 2000). Both field data and
plot location data were incorporated into statistical databases
(SPSS 11.0 2001; Microsoft Excel 2003) and GIS databases (ESRI,
2005) for post-sampling statistical analysis.

To develop a fire history for Black Mountain cross sections were
removed from dead remnant materials such as downed logs, snags,
and standing dead trees (Arno and Sneck, 1977; Dieterich, 1980;
Barrett and Arno, 1991; Everett, 2003). The use of complete cross-
sections allows a broader survey of scars from sampled materials
and is preferable over partial wedge or increment coring, and help
to minimize false rings, seasonality identification and other
crossdating errors (Barrett and Arno, 1991; Baisan and Swetnam,
e minimum two scarred trees, Black Mountain.



Table 1
Fire-scar dendrochronology data, Black Mountain, San Jacinto Mountains, as a

summary of all samples, and blocked by adequate record years 1700–1899, and

1900–2002

All samples

(1349–2002)

1700–1899 1900–2002

Length fire chronology (years) 653 199 103

Total number samples 33 33 33

Total number fire scars 138 110 16

Percentage of years with fire 14.7 36 10.7

Average years between scars 39.1 30.2 107.4

Grand mean all fire intervals 32.2 30.9 41

Mean composite fire interval 5.2 2.5 7.4

Median composite fire interval 2 2 5

Minimum composite fire interval 1 1 1

Maximum composite fire interval 71.0 13 20

Table 2
Composite fire interval statistics, 1700–2002, Black Mountain

Composite

scale

Fire

intervals, n

Median Mean Minimum Maximum p

CO1 95 2 5.22 1 24 0.046

CO2 23 2 5.22 1 22 0.123

CO10 7 12 17.86 2 47 0.004

CO20 – – – – – –

CO1: composite fire interval of all fire-scars; CO2: composite of fires scarring two or

more trees; CO10: composite of fires scarring two or more trees and at least 10% of

available recording trees; CO25: composite of fires scarring three or more trees and

at least 25% of available recording trees. The probability of an fire-to-fire interval as

long as the current interval occurring, based on the Weibull distribution of previous

Fire Return Intervals for each composite scale is represented by ‘‘p’’.
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1997). Serial sections were performed in the field to assess the
maximum number of scars available in the individual sample. Once
a representative sample was selected, a circular or pie-shaped
sample of the remnant material (a ‘‘cookie’’) was then marked,
collected, and transported for analysis and archiving.

Each wedge or cross section was finished by a combination of
power planing and belt sanding so that tree rings, fire-scars, and
fire seasonality could be determined under a 30� dissection
microscope. Fire-scars are identified by the disruption of growth
and subsequent healing patterns of radial tree-ring growth as well
as charring at the point of injury (McBride, 1983; Dieterich and
Swetnam, 1984). Fire calendar years were determined by cross-
dating tree rings in the collected sections using standard
dendrochronological techniques (Stokes and Smiley, 1977; Swet-
nam et al., 1985, 1998; Baisan and Swetnam, 1997). Crossdates
were developed and verified with established nearby chronologies
obtained from the International Tree-ring Data Bank (Grissino-
Mayer and Fritts, 1998), and included comparison of visible
drought reference years (Tosh, 1970; Douglas, 1973; Petersen,
1988). Years of scars and intra-ring seasonal positions were
analyzed using fire-scar specific software FHX2 (Grissino-Mayer,
2001). Intraring position of the scar within the annular growth ring
was described as EE (early earlywood), ME (middle earlywood), LE
(late earlywood), LW (latewood), D (dormant), or U (undeter-
mined) to serve as an estimate of the season of fire occurrence
(Ahlstrand, 1980; Dieterich and Swetnam, 1984; Caprio and
Swetnam, 1995). Dormant scars were dated to the calendar year of
the adjoining latewood year; several dormant scars from the 20th
century matched fire records indicating late summer or autumn-
season fires. Crossdating and seasonality verification was per-
formed by personnel at the Pacific Southwest Research Station,
Redding, California. Fires, especially those occurring within the
same year and season, were mapped using GIS software (ESRI,
2005). A theoretical maximum fire size of 6.25 ha�1, the largest fire
possible at that point without overlapping onto the next sample,
were overlain on the sample points as a graphical method of
modeling fire extent.

Mean, median, minimum, maximum and Weibull Median
Interval FRI were calculated for each site, as well as average-per-
tree-return intervals for each composite level. The Kolmogorov–
Smirnov test was used to determine if significant differences other
than minor variations (p < 0.05) occurred in the area-wide fire
history distributions between plots (Sokal and Rohlf, 1995;
Polakow and Dunne, 1999; Grissino-Mayer, 2001). Fire return
intervals were analyzed at several composite levels (Johnson and
Gutsell, 1994; Skinner and Chang, 1996; Baker and Ehle, 2001;
Stephens et al., 2003). Mean and median FRIs were developed for
each tree as a point in the landscape (Taylor, 2000). Composite fire
chronologies involving fires that simultaneously scarred multiple
trees provides a more suitable record of past fires and fire size by
aggregating individual records into large landscape-level groups
(such as sample areas) or time-interval groups (e.g. by century)
(Dieterich, 1980; Agee, 1993). Composite fire chronologies were
tabulated using the following classification: (CO1) all fires scarring
one tree; (CO2) fires that scarred at least two trees; (CO10) fires
that scarred at least two trees and 10% of the available recording
trees (ART); (CO25) fires that scarred at least three trees and 25% of
ART. CO1 composites should have the shortest FRIs because all
small fires recorded by single trees are included. CO25 should have
the longest FRIs because this composite represents infrequent fires
which are inferred to have scarred many trees over larger areas.
CO10 composites are inferred to represent fires of intermediate
size. Composite fire chronologies involving multiple trees were
also broken out by century (Dieterich, 1980; Agee, 1993; Stephens
et al., 2003).
3. Results

At Black Mountain a tree-ring based fire-scar chronology has
been created for the years 1349–2002 (Table 1). One hundred
thirty-eight fire-scars, dated between 1478 and 1974, comprise the
fire chronology recorded on 33 sample trees (Table 1). Average
distance from sampled scars to associated vegetation plots was
18.7 m, equivalent to one scarred tree per 0.11 ha�1. The
percentage of trees scarred by fire increased as a function of
age. Smaller size classes rarely exhibited scarring. The number of
recorded scars drops off rapidly prior to 1700 because of the
declining number of older trees still standing containing a fire
record.

Fires were common throughout the period of record (Table 1
and Fig. 2). Mean, median, and minimum FRIs were all less than 6
years, and did not vary significantly at any composite scale
(Tables 1 and 2). The grand mean of individual tree scarring (how
often a fire can be expected to scar a particular tree) was 32.2 years.
The longest fire-free interval recorded for all trees sampled was 71
years. The post-suppression fire-interval was unusually long
(p < 0.001) at all composite scales compared to pre-suppression
intervals (Table 3). A decrease is seen in the number of fires in the
area after 1900 (Fig. 2). Composite intervals also indicate a decline
in the fire return intervals after the start of the 20th century
(Table 3). From 1700 to 1899 36% of years within the sampled area
experienced fire, which decreased to 10.7% of all years after about
1900 (Table 1). The median fire interval increases to 7.4 years
during the 20th century, and the grand mean also increases to 41
years.

Intra-ring fire-scar positions were recorded for all 138 fire-scars
at Black Mountain. The majority of scars at Black Mountain were
dormant or latewood scars. Dormant scars were evident in 63% or
the sample, latewood scars comprised 33%, and earlywood to mid-



Table 3
Composite fire interval statistics, by century, for Black Mountain

Fire intervals, n Mean Minimum Maximum

CO1

1700s 21 3.86 1 5

1800s 50 1.98 1 20

1900s 10 7.4 1 –

CO2

1700s – – – –

1800s 19 4.79 1 14

1900s – – – –

CO10

1700s – – – –

1800s 5 11.2 2 27

1900s – – – –

CO25

n/a –

See Table 2 for definitions and composite scales.

Fig. 3. Fire-scar seasonality, Black Mountain.

Fig. 4. Estimated size of fires vs. total area affected by fire within Black Mountain

sample area, 1700–2002 samples, expressed as percentages. Regression of number

of fires against area burned is significant, r2 = 0.98.
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earlywood 1.5% and 2.5%, respectively. No undertemined or early-
latewood scars were noted, the relative proportion of scarsring
seasonality changes very little by century at Black Mountain.

Fires within the sample area strongly suggest a spatially patchy
fire regime dominated by frequent small fires, punctuated only
occasionally by fires which affect large portions of the sampled
area (Figs. 2 and 5). At Black Mountain 71 scars represent single
plot events: a small fire with an estimated size ranging from a
single tree to a maximum of 6.25 ha (Fig. 4). Twenty-one fires
occurred within the sample area that were recorded by two trees
during the same year (Fig. 5). Four years, 1839, 1871, 1875, and
1876, exhibit scarring within the same year at adjoining plots. Two
years show scarring at three adjacent plots: 1808 and 1839. Three
years within the sample area exhibit scarring at four or more
adjacent, or nearly adjacent, plots. A group of four plots were
scarred in 1849, as well as a plot 500 m from the group. Five
neighbouring plots were scarred in 1908. Two large groups of
adjoining scarred plots are noted in 1861: one group of 3 and
another of 7. No fires larger than 6.25 ha have been detected since
1900, thought to co-incide with the creation of the forest reserve at
the turn of the 20th century. An estimated maximum of 875 ha
total from 91 recorded scarring fires has been subject to fire in the
270 ha sample area over the 653 years sample period, 18.5% of
which were fires larger than 6.25 ha.

4. Discussion

In the past, fire was a relatively common component of mixed-
conifer forests of Black Mountain through the first decade of the 20th
century. Increased forest density and the increase in shade-tolerant
tree species since has been attributed to the absence of fire in the
sampled area, and nearby forests (Minnich et al., 1995; Albright,
1998; Minnich et al., 2000; Everett, 2003). Although this work
reconstructs past fire history using cross-dating techniques in a non-
biased sampling schema, calculated fire return intervals are likely to
be conservative (i.e. estimated intervals may be longer than those
which actually occurred). This occurs as not all trees were scarred
during fires, and portions of the record can be destroyed by fire, rot,
or anthropogenic factors. The conservative nature of fire-scar
dendrochronology, coupled with the common phenomena of
scarring seen within the sample area, supports fire as a frequent
ecological component within these coniferous forests.

Fires on Black Mountain are likely to have been caused by both
lightning and anthropogenic ignitions. Within the Black Mountain
sample area, several aboriginal bands (the Cahuilla, Serrano, and
Kamia) were active prior to the arrival of Euro-americans
(Robinson and Risher, 1993; Savage, 1994; Anderson and Moratto,
1996; Williams, 2001). Their activities involved igniting vegetation
to flush game, enrich soils, improve access to acorn-bearing oaks,
and to eliminate pests (Anderson and Moratto, 1996; Williams,
2001). Although areas with ethnographic evidence including
petroglyphs and metates are near the Black Mountain study area,
there is no information concerning usage of native Americans
within the locale. Some modern timber harvesting is evident in the
area, however, overall timber and mining influences are minimal,
as the area remained roadless until 1944 (LaFuze, 1971; Robinson
and Risher, 1993; Smith, 2001).

The period of the tree-ring record dates back to 1349 c.e. (655
years sample depth) at Black Mountain. However, the analyses
reported here are for the period since 1700, due to the decreasing
number of samples prior to that year. The mean FRI for Black
Mountain is 5.2 years, in that at least one point in the sample grid
has experienced at least one fire-scarred tree during this interval.
The overall grand mean, the interval at which each sample plot
tree, and the area surrounding that tree, was 32 years. Fire-scars
indicate at least two identifiable trends: small fires scarring mostly
single trees, and fires larger than a single-tree event scarring two or
more adjacent trees (Figs. 3 and 5). Fires larger than single trees in
the same year either occur at neighbouring plots, or are widely
scattered throughout the sample area. A relatively slow forest
biomass productivity, low rates of fuels accumulation, and a rock-
and boulder-strewn forest floor which provides a patchy fuels bed,
are conjectured to be possible reasons leading to a record of
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numerous small fires in the area. Neighbouring plot groups
indicate a larger fire, capable of scarring trees within a continuous
area, which at Black Mountain could be as large as 21 ha. The
scattered events can be interpreted as either widely spaced small
fires, within the same year, or more likely, separate evidence of a
larger fire with varying fire behaviour which failed to scar a
continuum of trees within the sample areas. The dominance of
single-tree events during the 20th century may be an outcome of
the relative ease in reaching and suppressing small fires in a
suppression-active environment.

Other mean FRIs developed from fire-scar dendrochronology
have been reported for conifer forests in neighbouring areas. A mean
FRI of (6 years) is reported at Mt. Gleason in the San Gabriel
Fig. 5. Same year fires within the Black Mountain sample area, modelled as
Mountains (Kerr, 1996), but the limited sample size of this point-
based study restricts the extrapolation of the results to large areas of
mixed-conifer forest. The 5.2 yearsmean FRI of this study is similar to
the 5.7–6.9 years CO1 composite mean from Sierra San Pedro Martir
in Baja California (Stephens et al., 2003). Mean FRI reported here are
shorterthan the intervals reportedbyMcBrideand Laven (1976) fora
sample taken over a transect of the entire San Bernardino Mountain
range(roughly 40 km).The McBrideand Laven (1976) study sampled
57 individual trees and found mean fire intervals of 10-year before
1905 and every 22 years thereafter. McBride and Laven (1976) are in
essence numerous point data sets, and are less frequent compared to
the pre-1900 interval found within the sample grid (2.5 years), and
the post-1900 interval (7.4 years).
6.25 ha maximum postulated burned area for each plot (141 m radius).



Fig. 5. (Continued ).
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The CO2 and CO10 composite intervals (Tables 2 and 3)
approach 20th century fire interval periods based on time series
aerial photographs (Minnich et al., 2000). Multiple composite
intervals are similar to the mean FRI values determined by McBride
and Laven (1976). The 15–30 years fire rotation period reported for
conifer forests in the San Bernardino Mountains (Minnich et al.,
2000) is less than the grand mean developed in this study (Table 1).
This interval is also shorter than that reported for fire rotation
periods of 52 years developed from 20th century photographs in
Sierra San Pedro Martir Jeffrey Pine forests (Minnich et al., 2000).

Several mean and median FRIs, developed from fire-scar
dendrochronological samples, are reported for California mixed-
conifer forests in the Klamath mountains, the southern Sierra
Nevada, the Sequoia National Park, and the Sierra San Pedro Martir of
Baja California. Mean FRI and grand mean FRIs for single trees at
Black Mountain are similar to other FRIs. Taylor and Skinner (1998)
sampled clearcuts within a 1570 ha study area in the Klamath
National Forest, and recorded 204 fire-scarred individuals, reporting
a mean FRI of 15 years in ponderosa pine-sugar pine (range 6.5–65
years). No composite intervals were developed for differing scales.
Their results indicate that every sample point is scarred at a mean
interval of every 15 years. Fire rotations averaged 19 years before the
onset of suppression, and 26 years thereafter. These intervals are
similar to the FRIs seen at Black Mountain. Beaty and Taylor (2001)
evaluate fire-forest mosaics in 1587 ha of mixed-conifer forest in the
Cub Creek Research Natural Area (CCRNA) in the Lassen National
Forest. Median composite return intervals were longer on mesic
north-facing slopes populated mainly by fir and cedar (33 years), and
shortest on dry southerly slopes dominated by ponderosa pine (12
years). In the southern Sierra Nevada Swetnam (1993) reports 13–46
fires per century are seen using sampling of small areas of
bottomland Sequoia (Sequoia giganteum) groves. Stephens (2001)
investigated fire history in Jeffrey pine-dominated forests of the
University of California Valentine Natural Reserve of the eastern
Sierra Nevada. Sampling concentrated on fire-scarred individuals
with greater than three visible scars. A mean fire return interval of 9
years is reported for Jeffrey pine dominated forests, as well as a 24.7
years FRI for upper montane forest types. C01 composite intervals of
6.9 and 5.7 years are seen in similar Jeffrey Pine–mixed-conifer
forests of the Sierra San Pedro Martir, as well as a grand mean FRI for
single trees of 24.4 years (Stephens et al., 2003).

4.1. Spatial variation in fires

The use of a systematic sampling grid allows rough estimations
of fire size based on the distance between grid points (Fig. 5).
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Record trees exhibit numerous small fires throughout the grid
during the pre-suppression period. Over 74% of the fires detected
were fires of point size to 6.5 ha, but in combination burnt over 50%
of the area within the sample area (Figs. 4 and 5). There is also
evidence of at least three large fires during the sample period that
were very likely larger than the sample area. Both 1849 and 1908
exhibit large areas of continuous same-year scarring within the
grid. Numerous adjacent fire-scars occurred in 1861, a trend
suggesting either numerous small fires, as in a severe lightning
storm or a large-area of light to moderate severity fire in an area of
heterogeneous fuel loads, scarring intermittent trees. These fires
may be similar to those described historically in nearby conifer
forests in area newspapers (Minnich, 1987). Evidence of fire-
scarring has ceased since the onset of organized fire suppression in
the early 20th century. Since 1900, only three events have occurred
fire is detected at more than one location: 1902, 1908, and 1910.
The 1902 event may have been part of a larger fire noted by Hall
(1902). Only seven single sample point events occurred in the 20th
century. All seven of these are the only scar sampled within the
sample area for the sampled year, indicating small spatially limited
fires. The extent of fires that have continued outside the grid
system cannot be estimated. Extensive project-sized fires whose
perimeters did intrude into the study area, the Soboba (1972) and
Vista (1974) fires (6801 and 1395 ha, respectively) left single fire-
scars at Black Mountain, illustrating the conservative nature of
fire-scar recording. Overall, the grid-sampling indicates a pre-
dominance of small fires, less than 16 ha, occurring frequently
within the study area prior to the 20th century.

Fire sizes have changed in regional coniferous forests during the
20th century. Taylor (2000) reports for in the Cascade Range mean
pre-suppression fire size of 457 ha and a mean fire size of 3.6 ha
after suppression, using similar methods as Taylor and Skinner
(1998). Taylor and Skinner report a similar change in the Klamath
Mountains of northern California, median area burned prior to
European settlement 106 ha, shifting to 25 ha afterwards. South-
ern and east-side Sierra Nevada fire-scar dendrochronology
studies do not estimate size, or only report the number of fires
per century (Swetnam, 1993; Stephens, 2001).

4.2. Fire seasonality

Intra-ring fire-scar locations of Black Mountain differ in
position when compared to those seen in other California
mixed-conifer forests and the Sierra San Pedro Martir. The early-
and mid-latewood to latewood scarring season appear inter-
mediate between the latewood scars of the Sierra Nevada and
Cascade ranges, and the predominately earlywood scars seen in
Baja California, Arizona, and New Mexico. Fire-scars at Black
Mountain occur at dormant or latewood within-ring locations
(Fig. 3). Numerous fire-scar recorded during mid- to late-summer
is typical of a Mediterranean climate pattern of increased fire
frequencies linked to a long annual dry period. Fire-scar studies in
the Cascade Range and the Klamath Mountains of northern
California show mostly ring-boundary latewood and dormant
scars, indicating fires occurring mostly during the late summer
and early fall (Taylor and Skinner, 1998; Taylor, 2000; Beaty and
Taylor, 2001). In the southern Sierra Nevada, scars form primarily
in latewood are interpreted as middle to late summer (Caprio and
Swetnam, 1995). Primarily earlywood scars are found in Arizona,
New Mexico, and northern Mexico (Swetnam and Baisan, 1996;
Heyerdahl and Alvarado, 2002). In the SSPM the noted large
earlywood scar component is indicative of an earlier onset of fire-
scarring events and are more similar to the monsoonal climate
pattern of Arizona, New Mexico, and northern Mexico (Stephens
et al., 2003).
5. Conclusion

Current fire-scar dendrochronological sampling protocol is well
accepted regardless of the time- and labor-intensive nature of the
procedure. Systematic sampling, such as the grid sampling system
used here, requires collection of fire-scarred trees independent of
availability or ease of access. The variability of fire scarring across
the landscape is objectively sampled. However, for the approach to
work, one must presume that grid sample intensity includes
sufficient fire-scarred trees which describe the fire regime, and
that the scale of the grid approaches the scale of variability in the
spatial pattern of fire scarring. One may need to sample at several
grid scales to determine the required grid intervals necessary to
describe the fire regime. This approach potentially minimizes bias
in estimation of a fire return interval.

Fire regimes can be effectively described by combining
vegetation data, fire-scar dendrochronology methods, historical
records, and forms of remote sensing. Aerial photographs detect
fire-influenced patterns and changes in vegetation over large areas
during the periods of available photographs. Fire-scar dendro-
chronology data provides information about past fire locations at
multi-century scales. The reconstruction of fire regimes in mixed-
conifer forests will remain difficult without synthesis of data from
differing time scales. Fire-return-interval studies provide data that
are needed to describe long-term process in these forests, and help
provide data to develop guidelines for returning these forests to a
pre-suppression state where that is a chosen management goal
(Brown et al., 1999; Stephenson and Calcarone, 1999; Kaufmann
et al., 2000). The systematic grid approach is one method for
development of large-scale spatial studies of fire regimes (Van
Horne and Fule, 2006). Studies which intensively sample large
areas, as well as extending as far back as the scar record allows
historically, are critically important components in reconstructing
the role of fire in western coniferous forests.

Fire suppression in the mixed-conifer forests of the Sierra
Nevada and southern California has led to the inadvertent outcome
of placing millions of hectares of forested ecosystems at risk for
severe wildfire (Parsons and DeBenedetti, 1979; Weatherspoon
et al., 1992; McKelvey et al., 1996). Pre-suppression FRIs show that
within the Black Mountain area frequent small to moderate sized
fires occurred within the sample area as frequently as every 5
years, and affected individual plots every 32 years. Suppression
efforts since the creation of the forest reserve have resulted in rare
instances of fires scarring trees at the site. If the fire suppression
activities seen during the last 100 years continue, current
increased fire hazards and complex forest health concerns will
only worsen. Higher tree densities, alteration in forest species
composition, and dangerous fuel loads are also consequences of
suppression (Biswell, 1989; Beaty and Taylor, 2001; Agee and
Skinner, 2005; Stephens and Gill, 2005). Increased fuel loads have
led to severe fire behaviour and large area stand-replacement fires
previously uncommon to these forests. Prescription fire, intro-
duced at frequencies, intensities, and periodicities seen prior to
suppression can produce a sustainable forest ecosystem. Fire
histories data of this study can be used in the development of
ecologically sound fire management programs within the San
Bernardino National forest, as required in the recent Southern
California Mountains and Foothills Assessment (Stephenson and
Calcarone, 1999).

Pre-suppression fire interval records for the San Bernardino
mountains are also a critically valuable tool for educating the
thousands of nearby mountain residents to the role of fire affecting
the forest communities they reside in and the development of ‘fire-
safe’ communities. During the last 60 years, suburban develop-
ment in the region has spread into adjoining chaparral and forest
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ecosystems. Previously successful suppression efforts increases
the hubris of residents and developers, raising expectations that
their homes, neighbourhoods and communities will be protected
from fire. The 2003 and 2007 California firestorms affecting large
areas of mixed-conifer forest suggest this is unrealistic. Education
incorporating both historic and pre-historic information about
forest dynamics and fire regime can catalyze development of
programs, such as Fire-Safe councils, and neighbourhood shrub
and hazard tree removal, which reduce the increased hazards of
building homes and businesses in a high-risk forest ecosystem.
Black Mountain is a small portion of mixed-conifer forests which
spread throughout southern Californian forests. Larger-scale
sampling which elicits pre-historical and historical fire regime
information, and testing of current fire regime reconstruction, is
needed to increase understanding the role of fire in the California’s
forests.
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