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ABSTRACT

Bigcone Douglas-fir (Pseudotsuga macrocarpa [Vasey| Mayr) is a long-lived, fire-adapt-
ed conifer that is endemic to the Transverse Ranges of southern California. At the lower
and middle reaches of its elevational distribution, isolated stands of bigcone Douglas-fir
are surrounded by extensive stands of chaparral. Our dendrochronology investigations
have revealed that these ancient trees commonly record multiple past fires as fire scars in
their lower boles. We hypothesized that the fire-scar record found within and among big-
cone Douglas-fir stands reflects the temporal and spatial patterns of fire in the surrounding
chaparral. We compared the fire scar results with independent, twentieth century fire atlas
data to assess our interpretations. Using fire scars and ring-growth changes, we recon-
structed fire history in Los Padres National Forest and investigated changes in fire regime
characteristics over the past several centuries.

Our analyses confirm that the tree-ring record can be used to accurately reconstruct past
fire occurrence and extent patterns both within bigcone Douglas-fir stands and surround-
ing chaparral stands. Many extensive fires were apparent in both the pre- and post-twenti-
eth century period indicating that such events were a natural component of the system.
However, many smaller fires were also evident in the tree-ring record, and more of these
types of events occurred during the nineteenth century (and earlier) than during the twen-
tieth century. We also identified a shift after the late nineteenth century to potentially
more severe fires within and among stands, and by inference the surrounding chaparral.
These findings suggest that land management policies, rates of human-set fires, or climatic
variations may have played a role in shaping the contemporary fire regime, and that this
recent period is different in some respects from the pre-twentieth century regime. Repli-
cation of this work in other mountain ranges, in addition to comparisons with climate and
human histories, will provide valuable insights into our understanding of the relative roles
of humans versus climate in changing bigcone Douglas-fir and chaparral fire regimes.
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INTRODUCTION

In July 2007, just one year after the 2006
Day Fire (64 000 ha), another chaparral-driven
blaze, the Zaca Fire, burned nearly 100000 ha
in Los Padres National Forest and surrounding
areas. Total fire suppression costs were ap-
proximately 185 million USS$. Since the turn
of the nineteenth century, mega fires have been
a common and increasingly costly occurrence
in southern California. Since the 2003 south-
ern California firestorms, property damage
from southern California wildfires is estimated
to be over 3 billion US$ with fire suppression
costs at more than 1 billion US$ (http://www.
fire.ca.gov/).

Within the scientific community there is an
animated discussion regarding the size and fre-
quency of pre-historic chaparral fires and the
role twentieth century land management prac-
tices have played in shaping modern fire re-
gimes characteristics (e.g., see Minnich 2001
and Keeley 2001). Some believe that these
contemporary mega-fires are at least partly a
consequence of nearly 80 years of fire suppres-
sion, and resulting spatial changes in fuels
(Minnich 2001). Others believe that they are
mainly a natural product of the interaction be-
tween drought, extreme winds, and vegetation
characteristics (Keeley and Zedler 2009).
However, the observational basis of these per-
spectives are derived primarily from twentieth
century fire atlas records, late twentieth centu-
ry remote sensing data, and from a relatively
limited number of nineteenth century accounts
in newspapers and other historical documents
(Minnich 2001, Keeley and Zedler 2009).
Given the large impacts of recent mega fires in

southern California, and the profound policy
and management implications of scientific in-
terpretations of the underlying causes of these
events, it is crucial that we extend our histori-
cal perspectives of fire regime changes and dy-
namics in this region by providing a rich, tem-
poral data set against which these competing
perspectives can be tested.

Chaparral vegetation is composed of rela-
tively fast growing, dense, flammable shrubs
and is the dominant vegetation type in south-
ern California. This fuel type accounts for
95% of the area burned in southern California
from 1950 to 1991 (Davis and Michaelsen
1995). Chaparral fires are typically intense,
fast moving, and can occur at relatively short
intervals (i.e., <20 years, but typically 30 years
to 60 years; Barro and Conard 1991). Previ-
ous work (Rothermel and Philpot 1973, Minn-
ich and Chou 1997, Minnich 2001) has advo-
cated age-dependency as a primary fire control
in southern California chaparral systems.
Within these landscapes, the probability of fire
in relatively young patches of chaparral is low
and increases over time. The spatial patterns
of burns are constrained by previous fire histo-
ry, which in turn creates a time-dependent,
self-organized mosaic of fuel ages. However,
external drivers, such as weather, ignition
rates, and topography, can influence fire occur-
rence and thus can alter this deterministic rela-
tionship independent of fuel production.
Unique synoptic climate patterns, coupled with
extreme wind events, create one of the most
fire-prone landscapes in North America (Barro
and Conard 1991). Ample precipitation typi-
cally falls from late December through March;
however, seasonal drought characterizes the
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remainder of the year. In autumn, after nearly
six months of little to no precipitation, multi-
day Santa Ana wind events are a common oc-
currence, with the number of events peaking in
December (Raphael 2003). These hot, dry
fohn winds have the potential to turn small
fires into landscape-scale conflagrations.

In addition to natural factors that promote
fire hazard, increased human-caused ignitions,
which are highly correlated to population
growth, have complicated the situation (Keeley
and Fotheringham 2001). Historically, igni-
tions are thought to have been the limiting fac-
tor in the southern California fire environment.
The confluence of events—seasonal or annual
drought, high winds, sufficient fuels, and igni-
tions—required to create a widespread fire (i.
e., >5000 ha) was relatively uncommon. How-
ever, with a population of more than 23 mil-
lion people, ignitions are no longer a limiting
factor. Coupled with persistent or recurring
droughts in recent years, multiple large fires
have become a common occurrence within the
region (Keeley and Fotheringham 2001).

Presently, a shared stance among some
managers and the public is that large chaparral
fires are a product of past land use practices
rather than a characteristic of the chaparral
community. This idea draws from the para-
digm established largely in conifer forests of
the western US (especially semi-arid pondero-
sa pine [Pinus ponderosa C. Lawson] forests),
where recent widespread, severe fires are at
least partly a result of past land uses (e.g., log-
ging, livestock grazing, and fire suppression).
These practices have led to heavy, continuous
fuels promoting uncharacteristically severe
and extensive fires (Pyne et al. 1996, Allen et
al. 2002). Based on this fuels paradigm, state
and federal agencies spend millions of dollars
each year in southern California on widening
and maintaining fuel breaks and prescribed
burning to prevent large fires from occurring
(Minnich 2001). Additionally, hundreds of
millions of dollars are spent aggressively sup-
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pressing fires that threaten to become large.
Yet, these efforts have failed to prevent the
large mega fires of recent years (Keeley and
Zedler 2009).

Background

A broad consensus now exists among ecol-
ogists that stand-replacing fires, with 20-year
to 60-year fire return intervals, are generally
natural in southern California chaparral com-
munities (Mensing et al. 1997, Moritz et al.
2004). However, there is substantial uncer-
tainty about the historic range of variability of
fire frequency and size in this type, especially
over time scales of centuries. Moreover, the
relative role of human-induced changes and
climatic variability is unclear (Keeley and
Fotheringham 2001, Minnich 2001, Keeley
2004).

Minnich (2001) has argued, using aerial
images of modern fire perimeters, that fire sup-
pression in southern California has resulted in
extensive even-aged patches of chaparral and
has eliminated natural, fine-grained chaparral
mosaics like those he has documented in north-
ern Baja California, Mexico. Others (Mensing
et al. 1999, Keeley and Fotheringham 2001,
Moritz et al. 2004, Westerling et al. 2004) have
countered this argument with data indicating
that chaparral fire regimes in southern Califor-
nia, with the exception of increased fire fre-
quency, have not changed over time and that
fire suppression, stand age, and fuel loads play
a minimal role in shaping the current state of
fire occurrence and size. Recent work has
demonstrated that chaparral fires can and have
spread though all age classes of vegetation
when exposed to extreme weather conditions.
However, in the absence of these conditions,
age-related effects of fuels can exhibit stronger
controls over fire spread (Moritz et al. 2004).

The frequency of fire events in southern
California has increased in the modern era,
perhaps due in part to an increase in human-
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caused ignitions that occur throughout the year
in conjunction with the introduction of non-na-
tive grasses (Keeley 2004). Presently, non-na-
tive grass species replace chaparral communi-
ties when fires occur at intervals of less than
10 years, because most chaparral species can-
not produce a viable seed bank or resprout ef-
fectively before that time (Keeley 2006, Syph-
ard et al. 2006). While these two factors are
playing an increasingly important role in the
fire ecology of southern California, twentieth
century observational data suggest that weath-
er and climate variables, in particular Santa
Ana winds and drought, are still the most im-
portant driver of fire occurrence and size in
southern California (Keeley 2004, Moritz et
al. 2004, Keeley and Zedler 2009).

This finding is supported by analysis of
wind-deposited charcoal in varved sediments.
Charcoal records from Santa Barbara Channel
sediments indicate that large fires (>20000 ha)
have consistently occurred at intervals of 20
years to 30 years (Mensing ef al 1999). The
Santa Barbara charcoal record illustrates that
this frequency has not changed substantially
over the past 560 years, which includes peri-
ods of Native American, Spanish, and Euro-
American tenure (Mensing et al. 1999). This
record provides long-term perspective for the
Santa Barbara region, but it lacks specific fire
history information at stand or landscape
scales. Moreover, the spatial and temporal
resolution of the charcoal time series is too
coarse to resolve fire sizes or seasonal to inter-
annual patterns of fire occurrence. Despite re-
cent advances in chaparral ecology and south-
ern California fire history reconstruction (e.g.,
Everett 2008), little is known about the long-
term ecological variability of these ecosys-
tems.

Dendrochronology and fire-scar dating has
been used extensively in other regions of the
western United States to evaluate long-term
changes in fire frequency and extent in relation
to land use history and climate (e.g., Swetnam
1993, Veblen et al. 1999, Grissino-Mayer and

Lombardo et al.: Reconstructing Interior Chaparral Fire History
Page 35

Swetnam 2000). Recent studies have demon-
strated the utility of spatially distributed fire-
scar data (collected via random, systematic, or
targeted sampling) to reconstruct spatial extent
of past fires within sampled areas (e.g., Heyer-
dahl et al. 2001, van Horne and Fulé 2006,
Hessl et al. 2007). Furthermore, well-distrib-
uted spatial networks of fire-scar samples have
been shown to accurately reconstruct the spa-
tial extent and fire frequency patterns in inde-
pendently mapped records of fires from the
twentieth century (Collins and Stephens 2007,
Shapiro-Miller et al. 2007, Farris et al. 2010).

Unfortunately, chaparral vegetation is usu-
ally not directly suitable for dendrochronology
because fire scars are generally not formed on
shrub stems, the growth rings in many shrub
species are difficult to discern or crossdate and,
more importantly, stands are typically con-
sumed by each subsequent fire, erasing the re-
cord of past events. However, embedded with-
in chaparral landscapes are stands of bigcone
Douglas-fir (Pseudotsuga macrocarpa [Vasey]
Mayr), whose fire history, we hypothesize, re-
flects that of the surrounding interior chaparral
landscape.

Bigcone Douglas-Fir

The distribution of bigcone Douglas-fir is
limited to the Transverse and Peninsular rang-
es of southern California. It is a native ever-
green conifer that can grow to heights of 15 m
to 30 m and diameters of 55 cm to 155 cm.
Although the species can be found at eleva-
tions ranging from 600 m to 2720 m, a majori-
ty of the populations can be found within 1000
m to 1800 m elevation above sea level (Mc-
Donald and Littrell 1976). Here, disjunct
stands, often associated with an understory of
canyon live oak (Quercus chrysolepis Liebm.),
are surrounded by extensive chaparral commu-
nities (Figure 1). Typical stands are restricted
to slopes greater than 35% and can range in
size from 5 ha to 50 ha or more (Minnich
1977).
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Figure 1. (A) Isolated bigcone Douglas-fir stand surrounded by chaparral in Cleveland National Forest.

(B) A large stand of bigcone Douglas-fir that survived the 2007 Zaca Fire in Los Padres National Forest.

The largest stands are found on more me-
sic, north-facing slopes; however, stands can
be found on all aspects, particularly at higher
elevations. Bigcone Douglas-fir is one of the
most fire resistant and adapted conifers in the
world, with an ability to survive fires of high
intensity and severity because of its thick bark
(usually 15 cm to 20 cm), and its ability to pro-
lifically resprout new branches and needles
from the bole and existing branches following
a fire (Figure 2). If terminal and axillary buds
are killed in a fire, epicormic buds in the axils
of branches will typically sprout new shoots
within one to three years after the fire event
(Vander Wall et al. 2006).

These adaptations suggest that the species
has evolved to survive multiple fire events that
sweep through these stands from the surround-
ing chaparral. Individual trees frequently in-
cur basal fire scars during fire events. We have
found that these fire scar events corresponded
temporally (i.e., synchronously) between trees
within patches as well as between patches sep-
arated by continuous chaparral in many cases.

Therefore, we hypothesize that those synchro-
nous fire-scar events in multiple bigcone
Douglas-fir stands are evidence supporting the
inference that the intervening chaparral land-
scape (but not necessarily all of it) also burned.
If this hypothesis is correct, then the relative
extent of fire-scar synchrony within a study
area provides an estimate of the relative extent
of past chaparral fire events. Obviously, such
spatial and temporal inferences based on fire-
scar synchrony require testing with indepen-
dent fire extent records.

The objective of this research was to deter-
mine the frequency of historical chaparral fires
and estimate their relative extent over the past
several centuries by sampling and dendrochro-
nologically dating fire scarred trees found
within extensive chaparral landscapes. We
tested our hypothesis and assumptions using a
fire atlas of modern era fire events as a corrob-
orative tool to assess how well, and in what
manner, the fire-scarred stands recorded known
twentieth century fire events.
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Figure 2. (A) Bigcone Douglas-fir with lower branches scorched by the 2007 Zaca Fire,
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tional Forest, and (B) bigcone Douglas-fir branches resprouting new clusters of leaves and branchlets fol-
lowing the 2007 Zaca Fire, Los Padres National Forest.

METHODS
Site Description

The main division of Los Padres National
Forest is a rugged 585000 ha landscape (Fig-
ure 3). Elevations range from sea level to 2692
m. Vegetation below 1800 m is dominated by
chaparral and coastal sage scrub. The climate
of the forest is classically Mediterranean with
cool, wet winters, and warm, dry summers.
Median annual precipitation for Santa Barbara
is 38.9 cm, with the majority falling between
January and March (Davis and Michaelsen
1995). At higher elevations, on west-facing
slopes, precipitation can be twice the amount
of that at sea level. A majority of the fires that
start in the middle to upper elevations of the
Transverse Ranges are ignited by lightning,
which occurs at significantly higher rates with
increasing elevation and distance from the
coast (Keeley 2006, van Wagtendonk and Cay-
an 2008). The frequency of lightning strikes
peaks in September. Strike densities for this
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Figure 3. Main division of Los Padres National
Forest in southern California.
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region (excluding the highest elevations) are
among the lowest in the United States (Keeley
2002).

During the fall and winter months, strong
offshore Santa Ana winds, driven by synoptic-
scale atmospheric patterns, can persist for sev-
eral days across southern California. Recurrent
fohn winds result when a steep pressure gradi-
ent exists between Great Basin high pressure
cells and Pacific Coast low pressure cells.
Events typically last two to three days and can
occur several times per month, with peak oc-
currence in December (Raphael 2003). Wind
speeds of 40 km hr! to 60 km hr!, relative hu-
midity of less than 10%, and temperatures
greater than 35 °C are not uncommon (Schroed-
er et al. 1964, Keeley 2004, Westerling et al.
2004). These extreme weather conditions occur
during the tail end of an annual drought when
fuel moisture conditions are at their lowest.

Sample Collection and Preparation

Due to wilderness designations, limited
road access, and the generally remote nature of
the stands within an impenetrable sea of chap-
arral, our sampled sites were restricted to ac-
cessible stands, which were often within 3 km
of an access road. Within stands, our objective
was to obtain a sufficient number of fire-
scarred specimens to acquire the longest and
most complete possible fire record at sampled
points and within stands (Dietrich and Swet-
nam 1984, Swetnam and Baisan 2003). Indi-
vidual trees were chosen using a sampling cri-
terion similar to that of stand selection (acces-
sible and well distributed). Average site eleva-
tion was 1441 m with a range of 1104 m to
1618 m (Table 1).

Open cat faces on bigcone Douglas-fir
trees are an uncommon occurrence and, when
present, are relatively poor recorders due to
decay and burning out by subsequent fires.
Trial and error sampling of full bark trees re-
vealed that buried scars were very common on
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most trees within stands. At each of the stands
we visited, an abundant tree-ring based fire
history was evidently available for sampling
(i.e., presence of bark charring and basal
wounds) and no stands were passed over due
to a lack of material. We subsequently target-
ed our sampling toward obviously older trees
(as indicated by bole size, branch characteris-
tics, etc.,) and those with characteristic furrows
in the boles, which indicated healed over scars.
Using a chainsaw, a skilled sawyer made
plunge cuts to extract partial sections on
upslope sides of living and standing dead trees
as well as on downed snags. Typically, the
partial wedge sections extracted were about 25
cm to 35 cm wide, 3 cm to 5 cm thick, and 50
cm to 70 cm long, extending to the tree center
when feasible. Approximately 88 % of all full
bark trees sampled had buried scars evident in
the partial section. The average number of
scars per sample was 3.2, while the maximum
number of scars on one sample was 11.

We also observed and documented abrupt
growth changes evident in the ring-width pat-
terns of our specimens that were associated
with fire scars or occurred following known
fire dates. While changes in growth can be
caused by various means (e.g., stand opening
and reduced competition from wind-throw and
other mortality agents), we believe these
changes frequently result from a shift in re-
source availability due to fire mediated mortal-
ity (Mutch and Swetnam 1995). Unlike fire
scars, fire related growth changes usually do
not begin the same year as the fire event be-
cause cambial growth often ceases prior to
most fire events in southern California. Be-
cause it can take several years for trees to re-
cover from fire damage and take advantage of
the decreased competition for resources,
growth changes typically begin in the years
following the fire. For growth changes that
were corroborated by a fire scar within the
same stand, the average lag between the fire
scar and associated growth change was 2.2
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Table 1. Elevation, number of samples, fire events (total and by indicator type), average mean fire inter-
vals and average point mean fire interval for 15 sites in Los Padres National Forest for the period 1600 to

2005.
Events Fire return .
Sample Fire documented Mean fire Median fire interval ?rrégar? (I)ilrI:zt
Site  Elevation size events b interval interval L interval
number (m) (trees) (n) Scar GC (yr) (yr) Max. Min. (yr)

1 1535 7 19 9 10 20.65 20.0 41 5 29.57

2 1547 5 18 14 4 15.29 9.0 78 4 34.86

3 1104 4 8 6 2 34.43 31.0 64 13 23.28
4 1118 6 20 16 4 19.89 14.0 41 4 31.06
5 1129 4 20 15 5 20.84 17.0 54 4 30.66
6 1540 4 13 11 2 28.00 21.5 68 6 27.97

7 1450 5 15 14 1 24.71 24.5 53 6 45.34

8 1605 4 16 11 5 25.47 21.0 55 5 22.62

9 1516 3 9 8 1 30.00 21.0 60 3 31.90
10 1547 4 9 7 2 39.00 22.0 48 4 29.79
11 1605 5 13 11 2 24.50 42.0 64 10 26.01
12 1618 12 27 15 12 13.58 10.5 61 4 29.65
13 1453 10 28 19 9 13.00 11.5 36 3 25.08
14 1257 4 9 7 2 34.75 25.5 100 2 23.86
15 1525 8 14 8 6 25.38 18.0 58 4 36.33
Avg. 1441 5.7 15.9 11.4 45 2457 20.6 58.7 5.1 29.87

years. The average number of growth changes
per sample was 7.2, while the maximum num-
ber on one sample was 18. Growth change
magnitude and duration were visually estimat-
ed and began when ring widths became sub-
stantially larger or smaller than the preceding
5 to 10 rings and were at least three years in
duration. The event was considered completed
when ring widths returned to pre-fire sizes.
We recorded release events when ring widths
increased by more than 150%. Suppression
events were identified when ring widths de-
creased by more than 50 % (Figure 4).

Using a belt sander, we sanded all sections
to a high-grade polish using progressively finer
paper. [Each section was cross-dated using
standard dendrochronological techniques to
determine the exact calendar year (Dietrich
and Swetnam 1984, Baisan and Swetnam

1990) and the approximate beginning and end
of growth change periods (Mutch and Swet-
nam 1995).

Fire History Reconstruction and Analysis

The fire-scar dates from all sampled trees
within each stand were composited into stand
level chronologies using FHX2 and FHAES,
which are integrated software packages for
graphing and statistical analysis of fire histo-
ries (Grissino-Mayer 2001, http://frames.nbii.
gov/thaes). When at least one tree within a
given stand recorded a fire scar, that event was
considered a fire year in the stand level fire-
scar chronology. If two or more trees within
the same stand exhibited marked changes in
growth (either positive or negative) in the same
year, then that year was considered a fire year
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Figure 4. Three partial bigcone Douglas-fir sec-
tions taken from Los Padres National Forest. The
sample in the upper left hand corner (A) shows
multiple fire scars clearly recorded in the tree-ring
record. The sample in the upper right hand corner
(B) shows an extreme example of nearly 40 years
of growth suppression, indicated by the black bar.
The suppression began after the 1932 Matilija Fire.
The sample at the bottom (C) shows no scarring
but does have a strong growth release (marked by
the black bar) that begins in 1784, two years after
the reconstructed 1782 fire, and ends roughly 10
years later. This 10 yr period of growth is notice-
ably larger than the previous and following years
of growth.

in the stand level growth change chronology.
The fire-scar and growth change chronologies
were then amassed into stand level fire chro-
nologies. All fire-scar dates were included in
the stand chronologies. However, when a
growth change incident occurred within two
years of a dated fire scar, the growth-based oc-
currence was assigned to the fire year of the
dated fire scar, and not considered a separate
fire event. For each stand chronology, we cal-
culated the composite stand mean fire interval
(MFI), along with the median and range based
on fire scars and growth changes.

The stand level chronologies were further
compiled into a landscape fire chronology,
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which allowed us to assess the frequency, rela-
tive extent, and synchroneity of fire events
across our sampling area. Two reconstruction
techniques were employed. One was based on
fire-scar data alone (SCAR). The other was
based on fire events (EVENT) derived using a
combination of fire scars and growth changes.
The SCAR-based reconstruction represents a
more conservative approach and required at
least two scars from different stands for the fire
to be included in the landscape fire chronology.
The EVENT-based reconstruction required at
least one scar and one growth change from
separate stands as the minimum requisite for
inclusion into the landscape fire chronology.

The relative extent of fires was determined
using filtering methods based on minimum
percentages of stands recording a fire. The
commonly used 10% and 25% filters in fire
history studies were used to generate averaged
landscape MFIs. For comparison purposes, we
calculated and compared landscape MFIs de-
rived from the SCAR- and EVENT-based fire
history reconstructions. The 10% composite
filter, in which at least 10 % of stands were re-
cording a fire somewhere within the sampled
landscape, was generally used to indicate less
extensive, more localized fire events. The
25% composite filter was typically used to in-
fer more extensive, landscape level fire events
(Swetnam and Baisan 2003).

It should be noted that MFI is not equiva-
lent to natural fire rotation, which is the aver-
age time required to burn over an area equal to
the size of the study area. Nor is it equivalent
to the so-called population MFI, which is the
average time between fires occurring at any
random point in the sampled area. The MFI is
defined here simply as the average interval be-
tween any detected fire occurring anywhere
within a sampled area (Romme et al. 1980).
In the case of filtered fire events, we infer that
these MFIs are intervals between fire events of
increasingly larger areas burned within the
study area in a relative sense only. In other
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words, 25% filtered fire events are interpreted
to have burned relatively larger areas than
10 % fire events.

We examined temporal changes in 10%
and 25 % landscape composite MFIs, for both
reconstruction techniques, using 1864 as a
benchmark for shifts in fire regime character-
istics due to modern anthropogenic influences,
in particular Spanish settlement and congrega-
tion of Native Americans into coastal missions.
This year also marks the beginning of a pro-
longed fire-free period that appears to be a sig-
nificant departure from the previous centuries
of fire history.

We also examined the number and types
of indicators used to reconstruct each fire year.
This allowed us to assess the relative influence
of indicator type (fire scar or growth change)
on fire frequency and relative extent estimates,
and to test for differences in scarring rates
over time. Results from a Kolmogorov-
Smirnov test for goodness-of-fit indicated that
the distribution of fire intervals were non-nor-
mal. Therefore, potential differences between
MFTI estimates and differences over time were
tested using the non-parametric Mann-Whit-
ney U test. The null hypothesis was that MFIs
did not differ significantly among the compar-
isons. We rejected the null hypothesis when
probability levels for the individual tests were
less than 0.05.

Fire Atlas Corroboration

For each stand, we compared fire events
including fire scars and growth changes re-
corded in the stand level tree-ring record with
documented modern fires using the California
Fire History Database (http://frap.cdf.ca.gov/).
This atlas contains fire names, dates, and pe-
rimeter boundaries for all known fires larger
than 40 ha that have occurred within Forest
Service boundaries since 1910. It should be
noted that fire atlases of this sort have an un-
known level of accuracy and completeness, es-

Lombardo et al.: Reconstructing Interior Chaparral Fire History
Page 41

pecially for early time periods. Moreover, un-
burned areas within polygons are generally not
included. Hence, we consider comparisons of
tree-ring evidence with fire atlas data a form of
corroboration, rather than an absolute test of
accuracy (Farris et al. 2010). Indeed, it is pos-
sible that in some cases the tree-ring evidence
(particularly fire scars) is a more accurate,
high-resolution representation of fire events (at
least at point locations) than mapped fire pe-
rimeters in the documentary record.

A common objective of fire history re-
search is to obtain a complete inventory of fire
years within a given area, particularly major
fire years with widespread burning (Swetnam
and Baisan 2003, Van Horne and Ful¢ 2006).
Examination of the California Fire History Da-
tabase (CFHD) indicates that eight modern era
chaparral-driven fires (1917, 1928, 1932, 1948,
1972, 1985, and 2002) have occurred in at
least one sampling location and that these fires
burned a total of 167013 hectares. The 1932
Matilija Fire (89 100 ha) and 1985 Wheeler #2
Fire (30191 ha) dominate the sampled land-
scape during the twentieth century, accounting
for more than 70% of the cumulative 167013
ha burned.

Assessments were made on a point-by-
point basis. At each point, a tree-ring based
fire record was created by describing when and
how each fire event was recorded (i.e., via fire
scar or growth change). We then compared
this record with the CFHD. Based on error ty-
pology work described in Falk (2004) and also
used by Farris ef al. (2010), we assessed total
accuracy and potential errors of fire event de-
tection using fire scars, growth changes, and a
combination of both indicators. Type I errors
occur when a tree-ring based fire year is de-
tected in a stand despite that location being
outside the document-based fire perimeter in
that year, while Type II errors occur when tree-
ring samples from a stand within a document-
based fire perimeter fail to show a fire in that
year.
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RESULTS

We cross-dated 85 trees from 15 sites
across Los Padres National Forest. The 15
sites cover over 40000 ha (Figure 3). Within
each stand, we sampled an average of 6 trees,
with a minimum of 3 and maximum of 12 trees
per stand. The year 1600 marked the earliest
date that 80% of the stands and more than
30% of the individual trees were recording fire
scars (Figure 5). Therefore, the well-replicat-
ed period from 1600 to 2005 was used for the
quantitative analyses.

During the period from 1600 to 2005, 238
fire indicators (either fire scars or growth
changes) were cross-dated, and 72% of the
events (n = 171) were identified using fire
scars. All 171 fire-scar records were accompa-
nied by a corresponding growth change event
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within the same stand; however, because these
supplementary growth change events were as-
sociated with fire scars from the same stand,
they were not included in the analysis. The re-
maining fire events (n = 67), those with no di-
rect fire-scar evidence within the same stand,
were resolved using only growth change data
(Table 1).

At the landscape level, 31 fire years (those
occurring in at least two stands in the same
year) over the period from 1600 to 2005 were
reconstructed using fire scars and growth
changes (Figure 6). Twenty-eight (approxi-
mately 90 %) of these fires were reconstructed
using at least two fire scars, while the remain-
ing three events were reconstructed using at
least one fire scar and one growth change indi-
cator (Figure 5).

14 90
I Scars
o~ 1 Growth Change I - 80
—— Sample Depthb
AN |70
10
- 60
8 1 M L 50
- 40

I I - 30

Sample Depth (number of trees)

Number of Fire Scars or Growth Changes
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2_ I [
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0 1 0

Fire Years

Figure 5. All Los Padres National Forest reconstructed fires, by number of stands and indicator type (fire
scar or growth change), for the period 1600 to 2005, as well as individual tree sampling depth for the same
period. By the year 1600, 32 % of all trees are considered recording.
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Figure 6. Fire history chart depicting all reconstructed fires in the period 1600 to 2005 for Los Padres Na-
tional Forest. Red lines indicate widespread fires (25 % composite filter; four or more bigcone Douglas-fir
stands) and blue lines indicate smaller, localized fires (10 % composite; two or three bigcone Douglas-fir).
Composite depicts all fire events recorded by at least one fire scar. Dates recorded only by growth changes
are not included. Growth change data prior to 1600 is not depicted in this representation.

Fire Atlas Corroboration

The number of actively recording stands
within each of the eight mapped modern fire
perimeters ranged from 1 to 12, for a cumula-
tive total of 120 possible outcomes. Using
only growth change information as evidence
of fire produced the lowest number of correct
outcomes (96 out of 120), resulting in an 80 %
overall rate of agreement. Using both fire
scars and growth changes as indicators of fire
evidence, the tree-ring record was in agree-
ment with the CFHD 86 % of the time (102 out
of 120 possible outcomes). Using only fire
scars as evidence, this overall number increas-

es to 91% (109 out of 120 possible outcomes)
(Table 2).

There were 11 instances (9% Type I error
rate), using fire scars and growth changes,
where evidence of fire was detected within the
stand despite being located outside the mapped
fire perimeter. Using only fire scars, the Type
I error rate is only 2%. Except in one case,
these false detections were, on average, 10 km
from the mapped perimeters with a range of 5
km to 15 km. Conversely, Type II error rates
using fire scars and growth change data (5%)
are lower than that observed when using only
fire scar evidence (7.5 %) (Table 2).
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Table 2. Error matrix showing number of bigcone Douglas-fir sites within and outside mapped perimeters
that recorded a fire year, using fire scars, growth changes and a combination of both indicators as evidence in
Los Padres National Forest. Overall accuracy was determined by dividing the number of correct outcomes
by the total number of possible outcomes. Type I errors occur when evidence of fire is present outside a
mapped perimeter, while Type II errors occur when evidence of fire is absent within a mapped perimeter.

No. of sites No. of sites Overall Typel  Typell
inside mapped outside mapped accuracy  error error
Method Presence/Absence perimeter perimeter (%) (%) (%)
. Fire scar present 25 2
Fire scars only 90.8 1.6 7.5
Fire scar absent 9 84
Change present 21 11
Growth (1:hanges gep 800 92 10.8
only Change absent 13 75
Fire event present 28 11
Scars & growth P 85.8 92 5.0
& Fire event absent 6 75
Fire History Results difference was not statistically significant (P =

Mean fire intervals. Average point MFIs,
using both fire-scar and growth change indica-
tors, for all 85 trees was 29.87 years, with a
range of 22.6 years to 45.3 years. The MFIs
for individual stands, also using both indicator
types, ranged from 13 years to 39 years, with
an average of 24.6 years (Table 1). The 10%
and 25% composite filter MFIs, averaged
across the 15 sites, were generated to assess
fire regime characteristics at a landscape level.
Two reconstruction approaches (SCAR- and
EVENT-based) were used. No significant dif-
ferences (P = 0.49) were observed between the
SCAR MFI (13.0 years) and EVENT MFI
(11.7 years) using the 10% composite filter
(Table 3). Under the 25 % composite filter, the
SCAR MFI (52.5 years) was substantially lon-
ger than the EVENT MFI (27.0 years). The

0.06), but nearly achieved our a priori signifi-
cance level of P < 0.05 (Table 3) (Figure 6).

MFIs over time. Despite what appears to
be substantial differences in the 10% and 25 %
MFlIs (i.e., the mean values), none of the pre-
and post-1864 interval distributions were sig-
nificantly different at the P < 0.05 level. The
10% composite filter MFIs, for both the
SCAR- and EVENT-based techniques, more
than doubled in (mean) length after 1864.
Again, comparative tests of the interval distri-
butions did not show significant differences at
our a priori level, but nearly so (P = 0.08 and
0.07, respectively). Likewise, the pre-1864
MFI was more than double that of the post-
1864 MFI under the SCAR-based reconstruct-
ed 25% composite filter, and was nearly but
not quite significant (P = 0.06). No such dis-

Table 3. Los Padres National Forest averaged mean fire intervals, by composite filter, for the two recon-
struction techniques for the period 1600 to 2007. No statistical significance (P < 0.05) was found in the
comparison of reconstruction type (SCAR and EVENT) for either composite filter.

SCAR-based MFI EVENT-based MFI
(min. 2 scars) (min. 1 scar + 1 GC event)
Filter type Years n Years n P-value
10% composite 13.00 27 11.70 30 0.49
25 % composite 52.50 6 27.00 13 0.06
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tinction between pre- and post-MFIs was ob-
served using the EVENT reconstruction tech-
nique (P =0.16) (Table 4).

Scarring rates and growth change events
over time. The average number of stands that
recorded fire events in the form of fire scars up
to 1864 was 2.4. Beginning with the 1894 fire,
this number rises significantly to 7.0 (P =
0.006). Conversely, the number of stands that
record fire events in the form of growth chang-
es remains unchanged over this same time pe-
riod (P =0.71) (Figure 5).

DISCUSSION

Our results provide the first multi-century,
high-resolution fire history of chaparral fire re-
gimes in southern California. Our findings
also illuminate, for the first time, long-term fire
regime patterns in bigcone Douglas-fir stands,
a species whose conservation is considered a
high priority by the Forest Service.

The results of the fire atlas corroboration
indicate that the bigcone Douglas-fir fire-scar
record generally reflects the history of wide-
spread fires in surrounding chaparral. Overall
agreement between the tree-ring record and the
CFHD ranged from 80% using only growth
change data, to 91 % when using fire scar evi-
dence alone. While all three techniques pro-
vide a robust validation of the modern fire re-
cord, each has its own strengths and weakness-
es. Using just fire-scar data provides the high-
est level of corroboration and lowest Type 1
error rate, which suggests that fire-scar evi-
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dence, when available, can provide highly ac-
curate spatial and temporal estimates of wide-
spread fire events. However, not all samples
record or preserve fire evidence in the form of
scars, and this contributes to the slightly higher
Type II error rate. Despite a slightly lower
percentage of overall agreement (86 %), using
growth changes in conjunction with fire scars
lowers the Type II error rate. This suggests
that growth change data enhance the ability to
detect fire evidence when conditions prevent
scar formation or preservation. However, a
substantially higher Type I error rate is associ-
ated with this methodology. Using only
growth change information provides the low-
est percentage of overall agreement, with a
roughly equal chance of obtaining a Type I
(9.2%) or Type II (10.8 %) error.

The indication of fire evidence outside of
the mapped perimeter may imply that some
growth events are not evidence of fire and in-
stead reflect other environmental changes.
However, it is also possible that the use of both
indicators may provide a more accurate esti-
mate of twentieth century fire perimeters and
history of smaller, undocumented fires (Figure
7). In one instance, the false detection was
less than 100 m from the mapped fire perime-
ter. In this case, it seems likely that the mapped
fire perimeter is inaccurate. In the other cases,
the false detections were at least 3 km from the
mapped perimeter. However, the CFHD is
considered to be complete only for fires greater
than 40.5 ha (J. Miller, Forest Service, person-
al communication). The absence of these
smaller events in the dataset may inflate the

Table 4. Los Padres National Forest averaged mean fire intervals, by composite filter type, before and after
1864. No statistical significance (P < 0.05) was found in the comparison of pre- and post-1864 mean fire
intervals for either composite filter type within both reconstruction techniques.

SCAR-based MFI EVENT-based MFI
1600 to 1864 1865 to 2005 1600 to 1864 1865 to 2005
P-value P-value
Filter type Years n  Years n Years n Years n
10% composite  10.14 23 25,60 5 0.08 920 25 24.20 5 0.07
25% composite  90.00 2 3375 4 0.06 24.00 9 33.75 5 0.16
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® Sites inside 1932 fire perimeter with fire evidence
® Sites outside of 1932 fire perimeter with fire evidence
Sites outside of 1932 fire perimeter with no fire evidence
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0255 10 15

20
Kilometers

Figure 7. 1932 Matilija Fire perimeter with big-
cone Douglas-fir stand locations in Los Padres Na-
tional Forest. Full black points indicate sites within
the fire perimeter that recorded the fire. Half black
points indicate sites outside the fire perimeter that
do not record the 1932 fire. Open points indicate
sites outside the fire perimeter and have some indi-
cation of fire activity in 1932,

perceived error rate of our corroboration. Giv-
en the high fidelity of the tree-ring record and
the lack of a complete record of all fires, it is a
reasonable assumption that the false detections
are actually separate fire events, which oc-
curred during the same year and went unde-
tected or unrecorded.

No statistical differences in interval distri-
butions were observed between either of the
reconstruction techniques (SCAR- or EVENT-
based) using the 10% filtered composites. In
fact, the SCAR MFI (13.0 yr) and the EVENT
MFI (11.7 yr) are within two years of each
other and both methods suggest that small, lo-
calized events occurred at decadal intervals.
In other words, about once per decade, some-
where within the sampled landscape, a fire
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would spread through areas encompassing 2 or
3 of the sampled stands. However, it appears
that this component of the fire regime has been
essentially eliminated from the present day
chaparral fire regime. Under both reconstruc-
tion techniques, the modern era 10 % compos-
ite MFIs (~25 years) is now roughly equal to
the modern era 25% composite MFI (~30
years). This suggests that widespread, land-
scape-scale fires now dominate the twentieth
century fire regime, but that previously there
was a mixture of relatively small and large
fires. This may be related to the large majority
of modern era fires that are extinguished well
before they reach 4000 ha, which has been
identified as an approximate tipping point at
which fires tend to become less controllable
and often larger in size (Moritz 1997).

Without a fully systematic sampling ap-
proach (e.g., gridded or random), estimates of
historical fire sizes in terms of absolute num-
ber of hectares must be considered relatively
coarse. However, convex hulls drawn around
opportunistically sampled fire-scar locations
have been shown to be reasonable estimators
of twentieth century fire extent (Falk 2004,
Collins and Stephens 2007, Shapiro-Miller et
al. 2007). The simplicity of this methodology
can lead to either overestimation or underesti-
mation of fire sizes. Convex hulls can produce
a conservative estimate of fire size when study
sites do not span the entire larger landscape
where fires could have, and undoubtedly did,
spread. Conversely, the methodology can lead
to an overestimate of fire size as there were
probably many patches of unburned landscape
within the actual fire perimeter.

Using this methodology, we estimate that
the average fire size for 10% composite fires
was roughly 3600 ha, with a range of 2143 ha
to 41712 ha. This estimate does not include
fires that burned in only one stand (not includ-
ed in the landscape scale MFI reconstruction)
or those that burned two stands (convex hulls
require a minimum of three points), which pre-
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sumably represent smaller fire events than
those used to generate our 10% composite fire
size estimate. Regardless, it is interesting to
note that our estimate of 3600 ha for these
smaller events is similar to the 4000 ha thresh-
old identified in Moritz’s (1997) study of Los
Padres National Forest chaparral fire regimes.
Moritz demonstrates that fires that burn less
than 4000 ha are more likely to occur in mod-
erate weather conditions when Santa Ana
winds do not occur.

A non-significant difference (at P < 0.05
level) in the 25% composite fire interval dis-
tributions was estimated between the two re-
construction techniques, but the SCAR-based
MFI (52.5 yr) was nearly twice as long the
EVENT-based MFI (27.0 yr). We posit that
differences in these interval distributions are
actually real, and are ecologically important.
The statistical significance of the non-paramet-
ric means test (Mann-Whitney) result missed
achieving our a priori set level by 1 chance in
100, (i.e., a P level of 0.06 rather than a P level
of 0.05). It is entirely possible that a larger
sample size might enable the use of a more
powerful parametric test, or a more robust sig-
nificance estimate that would detect a differ-
ence at the P < 0.05 level. In any case, a prob-
ability of obtaining these two interval distribu-
tions from the same (or indistinguishable) fire
interval populations by chance in only 6 tries
out of 100 is small.

Our 25% composite EVENT MFI of 27.0
years is consistent with existing historical fire
information available for the region and with
MFIs at varying spatial scales within this
study. Mensing ef al. (1999) found that Santa
Ana-driven, landscape-scale fires have oc-
curred, on average, at 24-year intervals over
the past 560 years. Using both fire scars and
growth changes, the average MFI for individu-
al bigcone stands is 24.6 years, while the aver-
age point MFI is 29.9 years (Table 1). We be-
lieve that the pattern observed here is one that
reflects a fire regime that is not strongly scale-
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dependent. When this pattern occurs, it is gen-
erally indicative of very widespread fires act-
ing as the dominant fire regime characteristic
(Falk 2004). Furthermore, our results provide
a more spatially specific validation of the
Mensing et al. (1999) estimate despite having
minimal overlap in sampling areas.

The 25 % composite MFI identifies events
that occurred in four or more isolated stands.
When convex hulls are drawn around the indi-
cating stands, we estimate that the average fire
size of these more extensive fires to be roughly
17000 ha, with a range of 9802 ha to 74778
ha. Again, given the nature of this approach, it
is likely that many of these fires were much
larger and contained large patches of unburned
landscape within them, but our estimate is in
accordance with the Mensing et al. (1997)
classification of large fires events as those
greater than 20000 ha.

It should also be noted that almost all of
the 25% fire events were recorded in sites
spanning three sub-areas across the study area
(eastern, western, and central sites), whereas
most of the 10% fire events were recorded in
sites restricted to only one or two sub-areas
(Figure 6). Exceptions were 1670 (25% fire
event recorded in two sub areas), and 1864
(10% event recorded in three sub-areas). Giv-
en the large sample size during the 1860s, it
seems likely that the 1864 fire event was actu-
ally two separate, non-contiguous burns. This
convergence of evidence implies that the 25%
composite MFI is likely reflective of extensive,
wind-driven fire events.

Minnich and Chou (1997) suggest that the
systematic suppression of ignitions promoted
the landscape-scale fire events that plague
twentieth century southern California. They
contend that fire suppression has increased fuel
continuity by deferring the combustion of
chaparral vegetation patches relative to local
thresholds of fuel accumulation. This, in turn,
has selected for escaped fires in mature patches
to coincide with extreme wind events, which
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create conditions that are unmanageable from
a fire suppression standpoint. The current fire
regime of rapid fire spread and extensive patch
re-burn is, therefore, interpreted to be a prod-
uct of these management actions (Minnich and
Chou 1997).

The tree-ring record does, in fact, show an
abundance of pre-historic localized fire events,
which may have produced a relatively fine-
grain mosaic of chaparral age classes. Both
widespread and localized fires populate the fire
history of Los Padres National Forest until
1864. The tree-ring record then begins to show
a perceptible decrease in localized events into
the twentieth century. Following a 30 yr ab-
sence of much fire evidence of any kind, 1894
marks the first of four widespread fire events
that dominate the late nineteenth and twentieth
century fire history record. Also evident dur-
ing this transitional period is an increase in
scarring rates amongst trees during the wide-
spread events. Beginning with the 1894 fire
and continuing into the modern period, the
number of fire scars detected per fire increased,
on average, from 2.5 (1600 to 1893) to 7.0
(1894 to 2005). The sample depth of individu-
al trees remained relatively constant over this
time, which indicates that the observed in-
crease is not an artifact of numbers of fire
scarred trees included in the sample set (Figure
5).

We hypothesize that the increased scarring
rate may reflect increasing severity of fires in
the late nineteenth and twentieth centuries rel-
ative to earlier periods of our record. Changes
in fire severity within stands may have been
related to fire suppression activities resulting
in changes in fuel continuities or types in the
understory of these bigcone stands. However,
many experts believe that effective fire sup-
pression in southern California did not start
until the early 1950s, which is decades after
the increase in scarring prevalence that we ob-
served (Davis and Michaelsen 1995, Moritz
1997, Keeley 1999). For example, Forest Ser-
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vice records indicate that within the 1932
Matilija Fire perimeter, only two lighting-start-
ed fires were suppressed in the previous 22
years (Keeley and Zedler 2009). Moreover,
we lack any evidence at this time of changes in
fuels within bigcone Douglas-fir stands.

Alternatively, changes in fire occurrence or
severity could be related to climate variations
or seasonal timing of fires. Recent work by
Keeley and Zedler (2009) suggests that in-
creased drought occurrence, coupled with in-
creasing ignitions by humans, may explain the
abundance of modern landscape-scale fires.
Evidence linking drought and increased wild-
fire activity (i.e., numbers of large fires or total
areas burned) are increasingly apparent across
the western US (Westerling et al. 2006) and
may be playing some role in the southern Cali-
fornia landscape (Keeley and Zedler 2009). It
is more difficult, however, to assess changes in
severity because most fire atlas data do not in-
clude severity classifications, and only recently
are these types of data becoming available
from remote sensing. Finally, many of the
modern era ignitions, like the Matilija Fire, are
human-caused. It is possible that pre-historic
ignitions were more likely to be lightning
caused; however, the fire-scar evidence sug-
gests that there were more fires in the past than
in the twentieth century in our study area. This
suggests that, even prior to Spanish and Anglo
settlement, there had been anthropogenic fire
use in our study area to some degree. It is pos-
sible that something in the nature of human
use, such as increased road access, arson, or a
seasonal shift in ignitions, has led to starts that
were more likely to turn into large, severe fires.
These types of changes may well have created
different burning conditions, especially in the
presence of extreme wind events.

The role of human-caused ignition in the
pre-historic era cannot be ignored. Native
Americans often used fire to manipulate vege-
tation, and their subsequent removal from the
landscape following Spanish settlement de-
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serves attention as a possible contributing fac-
tor to fire regime alterations. The historical
influence of Native Americans on chaparral
fire regimes has not been completely resolved;
however, there is little doubt that fire was used
to some extent to purposely alter vegetation
patterns (Keeley 2002). Ethnographies of
southern Californian natives suggest that fire
was prominently used for a number of purpos-
es (Anderson 2006). Christenson (1990) found
widespread archeological evidence in all 32
US Geological Survey quadrangles of what is
now San Diego County.

The establishment of the San Buenaventu-
ra (1782) and Santa Barbara (1786) missions
represents the first major European effort to
settle the central coast region of California.
By the turn of the century, much of the native
population had been brought onto the mission
territories. The frequency of fire that we ob-
served in the 1700s is higher than that ob-
served in the years following Spanish settle-
ment of the region. Additionally, some stands,
located near prominent water sources in Los
Padres National Forest, have substantially
higher fire frequencies than others. Site 2
(near modern day Pendola Campground) and
Site 13 (Nordoff Ridge above Ojai) are two
stands with shorter intervals than most (MFIs
of 15 years and 13 years, respectively).

The establishment of Spanish pastoralism
at the turn of the eighteenth century and subse-
quent congregation of Native Americans into
areas near Spanish missions may have concen-
trated fire use in the lower foothills of the
coastal ranges and thereby eliminated or re-
duced the human component of the fire regime
in the chaparral dominated interior of the
coastal ranges by the mid-1800s (Keeley
2002). The nearly complete absence of local-
ized fires after the 1860s is apparent in our re-
construction, and this may have contributed to
a shift towards more severe and widespread
fires around the turn of the century.
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Putting our findings together with existing
knowledge, we hypothesize that numerous
small fires, which typically ignited during the
summer months and occurred under moderate
weather conditions, were relatively common in
the historical southern California chaparral
landscape.  Occasionally, these small fires
would smolder and hold over into the autumn
months when strong Santa Ana winds have the
potential to turn localized events into land-
scape scale conflagrations. Lack of noticeable
change in frequency of widespread events over
the past 400 years, as evidenced in this study
and Mensing et al. (1999), coupled with the
fact that more than 90 % of the fire scars in the
tree-ring record were positioned in the late-
wood or dormant portion of each ring (K.
Lombardo, University of Arizona, unpublished
data), implies that landscape-scale fires have
shaped the chaparral landscape for many cen-
turies. As in recent decades, past widespread
fires were likely driven by extreme winds and
drought conditions.

From our fire history, we interpret that
many localized fires, fueled by occasional
lightning strikes and possibly ignitions by Na-
tive Americans, were frequent but not exten-
sive. Because many fires were relatively small
in size (occurring in fewer than three stands),
we speculate that these fires could have played
a considerable role in shaping the ecology and
structure of bigcone Douglas-fir and chaparral
stands without significantly changing the fre-
quency or extent of widespread fires.

It is apparent from ecological and histori-
cal evidence that chaparral communities may
not persist when mean fire intervals are less
than 10 yr to 15 yr (Keeley 2006, Syphard et
al. 2006). If the 10% composite MFI were to
be interpreted as a return interval for a specific
point in space, then it would seem that inter-
vals of less than 15 years, like that seen in both
the EVENT- and SCAR-based reconstructions,
would run counter to chaparral life histories
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and survival strategies. However, the compos-
ite MFIs are not equivalent to average point
fire intervals, population means fire intervals,
or natural fire rotation. They are an estimation
of average intervals between fires of any size,
or of an estimated size class, occurring any-
where within a study area (Romme et al.
1980).

In this case, our 10% composite MFI esti-
mates that somewhere within the sampled
landscape a fire of approximately 4000 ha oc-
curred every 10 yr tol5 yr, though not neces-
sarily in the same location. Furthermore, the
average point MFI is 29.9 years, while the av-
erage MFI for individual bigcone Douglas-fir
stands is roughly 24.6 years (Table 1). The
multi-decadal nature of the intervals reflected
in the point and individual stand record would
seem to provide another line of evidence that
supports the conventional body of literature re-
garding chaparral life history and reproduction
strategies.

Prior to 1894, fire scar evidence became
less abundant and growth changes played a
more prominent role in the tree-ring record
(Figure 5). This, coupled with the observed
similarity between the SCAR- and EVENT-
based 10% composite MFIs and the nearly 20
yr difference in 25 % composite intervals, im-
plies that including the growth change infor-
mation is essential for obtaining a full picture
of temporal changes. We posit that more vari-
able fuel loads (and possibly types of fuels)
created by numerous small fires resulted in re-
duced synchrony and scarring rates within and
among widespread stands. The scar record
was abundant enough to reconstruct a robust
fire history as only 3 of the 31 reconstructed
fire events were based on one scar and one
growth change indicator. However, growth
change data prior to 1894 becomes increasing-
ly important as a method of estimating the rel-
ative extent of past fire events, particularly
large fires, as variability in fuel loads was like-
ly greatest over large areas.
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Given the novelty of our approach, we ac-
knowledge that uncertainties remain regarding
the connections between fire severity, growth
changes, and scarring patterns. More observa-
tions and sampling work focusing on these
links is needed to assess the strength of our in-
terpretations of scarring rates and growth
change data. In particular, it would be valu-
able to evaluate observed fire severity levels
within and between stands during recent fires
and compare them with scarring rates and sub-
sequent ring growth changes in surviving trees.
Likewise, more extensive and spatially distrib-
uted tree-ring collections could lead to more
robust tests (or even calibration) of the tree-
ring record with recent mapped fire occurrence
and severity data. It would also be valuable to
assess historical aerial and ground-based pho-
tographs to evaluate the possible changes in
extent and connectivity between bigcone
Douglas-fir stands over the past 50 yr to 100
yr, because if spatial changes have occurred,
this might be a factor explaining some of the
changes in the tree-ring and fire history record.

In summary, this comprehensive case study
provides a historical examination of fire histo-
ry in a chaparral dominated landscape and
gives land managers a frame of reference that
could support decision-making and assist in
the development of current and future chapar-
ral fuel management strategies. Additional
studies in other areas and at other elevations
are needed before these findings can be applied
more generally across the southern California
landscape. Understanding how this fire history
relates to one developed from low elevation
stands that border residential development is
of particular interest. Southern California has
one of the highest numbers of housing units
located within the wildland-urban interface
and, despite recent economic difficulties, hous-
ing growth in these areas is expected to con-
tinue in the future (Radeloff et al. 2005, Saf-
ford 2007). In light of our findings, we sug-
gest that effort and costs may be better spent
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on wildland-urban interface management and
updating zoning regulations to reflect the cur-
rent scientific consensus. In the context of low
fuel moisture levels and strong Santa Ana wind
events, irregular spatial arrangement of fuels
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fire spread in chaparral landscapes (Moritz
1997, Keeley 2001, Keeley and Zedler 2009).
The historical and modern records both imply
that large, landscape-scale fires are inevitable
in chaparral landscapes.

has been shown to be ineffective in controlling

ACKNOWLEDGEMENTS

This research was funded by the Joint Fire Sciences Program (06-3-1-07). We would like to
acknowledge the personnel at Los Padres National Forest and the Laboratory of Tree-Ring
Research for their assistance with this project. We’d like to thank Jon Keeley and Rich Minnich
for their invaluable insights, and two anonymous reviewers for their input, all of which made for
an appreciably better manuscript. This acknowledgement does not imply, of course, that any of
the formal and informal reviewers agree with our interpretations. Finally, we’d like to
acknowledge Don Falk, Lloyd Simpson, Ellis Margolis, Jose Iniguez, Josh Farrella, Erica Bigio,
Jesse Minor, and Elyse Gayda for their input and assistance in the field and laboratory.

LITERATURE CITED

Allen, C.D., M. Savage, D.A. Falk, K.F. Suckling, TW. Swetnam, T. Schulke, P.B. Stacey, P.
Morgan, M. Hoffman, and J.T. Klingel. 2002. Ecological restoration of southwestern
ponderosa pine ecosystems: a broad perspective. Ecological Applications 12: 1418-1433.

Anderson, M.K. 2006. The use of fire by native Americans in California. Pages 417-430 in: N.
G. Sugihari, J.W. van Wangtendonk, K.E. Shaffer, J. Fites-Kaufman, and A.E. Thode, editors.
Fire in California’s ecosystems. University of California Press, Berkeley, USA.

Arno, S.F., and K.M. Sneck. 1977. A method for determining fire history in coniferous forests in
the mountain west. USDA Forest Service General Technical Report INT-42, Ogden, Utah,
USA.

Baisan, C.H., and T.W. Swetnam. 1990. Fire history on a desert mountain range: Rincon
Mountain Wilderness, Arizona, USA. Canadian Journal of Forest Research 20: 1559-1569.

Barro, S.C., and S.G. Conard. 1991. Fire effects on California chaparral systems: an overview.
Environment International 17: 135-149.

Christenson, L.E. 1990. The late prehistoric Yuman people of San Diego County, California:
their settlement and subsistence system. Dissertation, Arizona State University, Tempe,
USA.

Collins, B.M., and S.L. Stephens. 2007. Fire scarring patterns in Sierra Nevada wilderness areas
burned by multiple wildland fire use fires. Fire Ecology 3(2): 53-67.

Davis, FW., and J.C. Michaelsen. 1995. Sensitivity of fire regime in chaparral ecosystems to
global climate change. Pages 435-456 in: W.C. Oechel and J.M. Moreno, editors. Global
change and Mediterranean-type ecosystems. Springer-Verlag, New York, New York, USA.

Dieterich, J.H., and T.W. Swetnam. 1984. Dendrochronology of a fire scarred ponderosa pine.
Forest Science 30: 238-247.

Everett, R.G. 2008. Dendrochronology-based fire history of mixed-conifer forests in the San
Jacinto Mountains, California. Forest Ecology and Management 256: 1805-1814.



Fire Ecology Vol. 5, No. 3, 2009 Lombardo et al.: Reconstructing Interior Chaparral Fire History
doi: 10.4996/fireecology.0503032 Page 52

Falk, D.A. 2004. Scaling rules for fire regimes. Dissertation, University of Arizona, Tucson,
USA.

Farris, C.A., C.H. Baisan, D.A. Falk, S.R. Yool, and T.W. Swetnam. 2010. Spatial and temporal
corroboration of a fire-scar based fire history reconstruction in a frequently burned ponderorsa
pine forest in Arizona. Ecological Applications 20: in press.

Grissino-Mayer, H.D. 2001. FHX2 - software for analyzing temporal and spatial patterns in fire
regimes from tree rings. Tree-Ring Research 57: 115-124.

Grissino-Mayer, H. D., and T.W. Swetnam. 2000. Century-scale climate forcing of fire regimes
in the American southwest. The Holocene 10: 213-220.

Hessl, A., J. Miller, J. Kernan, D. Keenum, and D. McKenzie. 2007. Mapping paleo-fire
boundaries from boundary binary point data: comparing interpolation points. The Professional
Geographer 59: 87-104.

Heyerdahl, E.K., L.B. Brubaker, and J.K. Agee. 2002. Spatial controls of historical fire regimes:
a multiscale example from the interior west, USA. Ecology 82: 660-678.

Keeley, J.LE. 2002. Native American impacts on fire regimes of the California coastal ranges.
Journal of Biogeography 29: 303-320.

Keeley, J.E. 2004. Impact of antecedent climate on fire regimes in coastal California.
International Journal of Wildland Fire 13: 173-182.

Keeley, J.LE. 2006. Fire in the south coast region. Pages 350-390 in: N.G. Sugihari and J.W. van
Wagtendonk, K.E. Shaffer, J. Fites-Kaufman, and A.E. Thode, editors. Fire in California’s
ecosystems. University of California Press, Berkeley, USA.

Keeley, J.E., and C.J. Fotheringham. 2001. The historical role of fire in California shrublands.
Conservation Biology 15: 1536-1548.

Keeley, J.E., C.J. Fotheringham, and M. Morais. 1999. Reexamining fire suppression impacts on
brushland fire regimes. Science 284: 1829-1832.

Keeley, J.E., and P.H. Zedler. 2009. Large, high-intensity fire events in southern California:
debunking the fine-grain age patch model. Ecological Applications 19: 69-94.

McDonald, PM., and E.E. Littrell. 1976. The bigcone Douglas-fir-canyon live oak community
in southern California. Madrono 23: 310-320.

Mensing, S.A., J. Michaelson, and R. Bryne. 1999. A 560-year record of Santa Ana fires
reconstructed from charcoal deposited in the Santa Barbara Basin, California. Quaternary
Research 51: 295-305.

Minnich, R.A. 1977. The geography of fire and big-cone Douglas-fir, Coulter pine and western
conifer forests in the east Transverse Ranges, southern California. Pages 443-450 in:
Proceedings of the symposium on the environmental consequences of fire and fuel
management in Mediterranean ecosystems. USDA Forest Service Technical Report WO-3,
Washington, DC, USA.

Minnich, R.A. 2001. An integrated model of two fire regimes. Conservation Biology 15: 1549-
1553.

Minnich, R.A., and Y.H. Chou. 1997. Wildland fire patch dynamics in the chaparral of southern
California and northern Baja California. International Journal of Wildland Fire 7: 221-248.

Moritz, M.A. 1997. Analyzing extreme disturbance events: fire in Los Padres National Forest.
Ecological Applications 7: 1252-1262.

Moritz, M.A., J.E. Keeley, E.A. Johnson, and A.A. Schaffner. 2004. Testing a basic assumption
of shrubland fire management: does the hazard of burning increase with the age of fuels?
Frontiers in Ecology and the Environment 2: 67-72.



Fire Ecology Vol. 5, No. 3, 2009 Lombardo et al.: Reconstructing Interior Chaparral Fire History
doi: 10.4996/fireecology.0503032 Page 53

Mutch, L.S., and T.W. Swetnam. 1995. Effects of fire severity and climate on ring-width growth
of giant sequoia after burning. Pages 241-246 in: J.K. Brown, R.-W. Mutch, C.W. Spoon, and
R.H. Wakimoto, technical coordinators. Proceedings of symposium on fire in wilderness and
park management. USDA Forest Service General Technical Report INT-320, Ogden, Utah,
USA.

Pyne, S.J., PL. Andrews, and R.D. Laven. 1996. Introduction to wildland fire. Second edition.
Wiley and Sons, New York, New York, USA.

Radeloff, V.C., R.B. Hammer, S.I. Stewart, J.S. Fried, S.S. Holcomb, and J.F. McKeefry. 2005.
The wildland-urban interface in the United States. Ecological Applications 15: 799-805.

Raphael, M.N. 2003. The Santa Ana winds of California. Earth Interactions 7: 1-13.

Romme, W.H. 1980. Fire history terminology: report of the ad hoc committee. Pages 135-137
in: M.A. Stokes and J.H. Dieterich. Proceedings of the Fire History Workshop. USDA Forest
Service General Technical Report RM-81, Fort Collins, Colorado, USA.

Rothermel, R.C., and C.W. Philpot. 1973. Predicting changes in chaparral flammability. Journal
of Forestry 11: 640-643.

Safford, H.D. 2007. Man and fire in southern California: doing the math. Fremontia 35(4): 25-
29.

Schroeder, M., M. Glovinsky, V. Hendricks, F. Hood, M. Hull, H. Jacobson, R. Kirkpatrick, D.
Krueger, L. Mallory, A. Oertel, R. Reese, L. Sergius, and C. Syverson. 1964. Synoptic
weather types associated with critical fire weather. US Bureau of Standards AD-449-630,
Institute for Applied Technology, Washington, DC, USA.

Shapiro-Miller, L.B., E.K. Heyerdahl, and P. Morgan. 2007. Comparison of fire scars, fire
atlases, and satellite data in the northwestern United States. Canadian Journal of Forest
Research 37: 1933-1943.

Swetnam, T.W. 1993. Fire history and climate change in giant sequoia groves. Science 262:
885-889.

Swetnam, T.W., and C.H. Baisan. 2003. Tree-ring reconstructions of fire and climate history in
the Sierra Nevada and southwestern United States. Pages 158-195 in: T.T. Veblen, W. Baker,
G. Montenegro, and T.W. Swetnam, editors. Fire and climatic change in temperate ecosystems
of the western Americas. Ecological Studies Volume 160. Springer, New York, New York,
USA.

Syphard, A.D., J. Franklin, and J.E. Keeley. 2006. Simulating the effects of frequent fire on
southern California coastal shrublands. Ecological Applications 16: 1744-1756.

Vander Wall, S.B., M.I. Borchert, and J.R. Gworek. 2006. Secondary dispersal of bigcone
Douglas-fir (Pseudotsuga macrocarpa) seeds. Acta Oecologica 30: 100-106.

Van Horne, M.L., and P.Z. Fulé. 2006. Comparing methods of reconstructing fire history using
fire scars in a southwestern USA ponderosa pine forest. Canadian Journal of Forest Research
36: 885-867.

van Wagtendonk, J.W., and D.R. Cayan. 2008. Temporal and spatial distribution of lightning in
California in relation to large-scale weather patterns. Fire Ecology (4)1: 34-56.

Veblen, T.T., T. Kitzberger, R. Villalba, and J. Donnegan. 1999. Fire history in northern
Patagonia: the roles of humans and climatic variation. Ecological Monograph 69: 47-67.
Westerling, A.L., D.R. Cayan, T.J. Brown, B.L. Hall, and L.G. Riddle. 2004. Climate, Santa Ana

winds and autumn wildfires in southern California. EOS 85(31): 289-296.

Westerling, A.L., H.G. Hidalgo, D.R. Cayan, and T.W. Swetnam. 2006. Warming and earlier

spring increase western US forest wildfire activity. Science 313: 940-943.



