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Introduction
Twentieth century fire exclusion in western U.S. forest ecosystems has dramatically
disrupted existing fire regimes and has had an impact on forest structure and dynamics
(Taylor 2000). Ecosystem management and ecological restoration increasingly include fire
reintroduction through prescribed burning (Fulé et al. 1997) and depend on information on
pre-fire exclusion fire regimes to serve as a reference for management guidelines. PreEuroamerican settlement fire regimes have been studied extensively for this end in
ponderosa pine (Pinus ponderosa Laws) and mixed conifer forests of the western U.S. (e.g.
Heyerdahl et al. 2002, Swetnam & Baisan 2003, Swetnam & Betancourt 1990, Taylor &
Beaty 2005, Veblen et al. 2000).
Fire environments are locally controlled by topography and vegetation type, but the
synchronicity of specific fire events across a range of spatial scales reflects the influence of
regional climatic variation on fire occurrence and extent (Swetnam & Baisan 2003).
Precipitation variability is well documented as a driver of fire regimes, with dry conditions
conducive to widespread burns and vice versa, but the interaction between fire and climate is
often more complex. A lagging pattern of wet conditions preceding large fire years occurs in
pine-dominated forests due to the promotion of fine fuel production in wet years and the
importance of fuel accumulation for fire activity in these dry ecosystems (Swetnam &
Betancourt 1998, Swetnam & Baisan 2003). This lag effect is minimal in higher elevation,
mixed conifer sites, and at low-elevation ponderosa pine sites in the Pacific Northwest
(PNW) that are snow covered in winter, where fuels are generally not a limiting factor
(Heyerdahl et al. 2002).
Fire regimes have also been associated with the mechanisms underlying regional patterns of
climate variability. Global circulation patterns (El Niño Southern Oscillation (ENSO) and
Pacific Decadal Oscillation (PDO)) drive climate regimes in the western U.S. through
teleconnections (simultaneous variations in climate observed over distant areas) on different
time-scales. Their influence is reflected in pre-settlement fire regimes. In the Southwest, the
warm (cool) ENSO phase is associated with anomalously wet (dry) winters and increased
(decreased) fire activity (Swetnam & Betancourt 1990). Opposite effects for both phases are
generated in the Pacific Northwest (McCabe et al. 2004). The Pacific Decadal Oscillation
(PDO) shows a teleconnection pattern similar to ENSO, but tends to be expressed in 20 to
30 year cycles of warm and cool phases (Mantua et al. 1997). Moreover, the PDO cycle
interacts with the ENSO cycle, so that El Niño (La Niña) events, their climatic teleconnections
and their influence on fire regimes tend to be stronger during positive (negative) PDO phases
(Gershunov & Barnett 1998).

This study addresses the following questions for fire-prone forests in the southern Cascade
Range of northern California:
(1) Did pre-fire exclusion (1700-1900) fire frequency and fire extent of different sites show
temporal synchronicity?
(2) How were fire frequency and extent related to inter-annual regional climate variability?
(3) Did fire frequency and extent vary in response to ENSO and PDO teleconnections?
Pre-settlement records of fire frequency and extent from 7 sites spread throughout the
Southern Cascades Range (Taylor 2000, Beaty and Taylor 2001, Bekker and Taylor 2001,
Taylor and Solem 2001, Norman and Taylor 2005, Ritchie 2005, Heyerdahl et al. 2006) were
aggregated for this study, to emphasize the regional scale of the studied influence of climate
on fire regimes.
Material and Methods
Study area
Mid-montane forests were studied at seven sites in the southern Cascades in northern
California, U.S. (Fig. 1). Detailed descriptions of the individual sites can be found in the
appropriate reference papers (Tab. 1). The climate is characterized by warm, dry summers
and cold, wet winters.
Fire regimes in the southern Cascades may have been influenced by people. Native
Americans are known to have used fire to drive game and to encourage certain plants used
for food and fibre, but there is no evidence in our study areas. A policy of fire exclusion was
implemented in the area in the early 20th century.
Table 1: Site and sampling characteristics for 7 sites in the southern Cascades used in this study. The
time period covered for each site is derived from the inner ring of the oldest sample and the outer ring
of the youngest sample.
Site

Elevation
(m)

Area
(km2)

Samples

Time

Caribou

2060-2390

9.5

39

1735-1982

Taylor & Solem 2001

Cub Creek

1136-2044

15.9

56

1616-1926

Beaty & Taylor 2001

Goosenest

1495-1800

2

44

1375-1935

Ritchie 2005

Lassen Meadows

1650-2300

700

152

1520-1944

Norman & Taylor 2003

Lava Beds

1580-1670

13.7

63

1563-1904

Heyerdahl et al. 2006

Prospect Peak

1800-2420

26.3

126

1507-1937

Taylor 2000

Thousand Lakes

1700-2646

20.4

50

1652-1942

Bekker & Taylor 2001

128

Reference

122W

121W

42N

42N

41N

41N

40N

40N

122W

121W

Figure 1: Location of the seven study areas in the southern Cascades in northern California. Klamath
and Lassen National Forest (including the Goosenest Adaptive Management Area, the Cub Creek
Research Natural Area and the Lassen Meadows site) are marked in light grey, Caribou and
Thousand Lakes Wilderness, Lava Beds National Monument and Lassen Volcanic National Park in
dark grey.

Fire record
Pre-fire exclusion fire occurrence and extent were quantified based on fire scars in partial
wood cross sections removed from 530 fire-scarred trees at the seven study sites. Partial
wood cross sections were removed from each scarred tree with a chainsaw (Arno & Sneck
1977). Cross sections were sanded to a high polish to allow cross-dating of the annual rings
in each sample with a nearby tree-ring chronology. The calendar year of tree ring with a fire
scar was then recorded as the fire date (Stokes & Smiley 1968). Fire history data were
analysed using FHX2 software (Grissino-Mayer 1996).
The time during which fires were recorded ranged between 247 (1735-1982) and 560 (13751935) years. The proportions of samples burned per year for every site were summed to
construct a composite record of region-wide annual fire extent (Fig. 2). To avoid problems
caused by low sample depth, the fire-climate analysis was limited to the period 1700-1900,
during which a minimum of a hundred samples were recording fires (Fig.2).
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Figure 2: Composite time series of annual percentage of samples scarred and cumulative total sample
depth based on 7 sites in the southern Cascades Range

Climate data
Cook and Krusic (2004) developed a gridded (2.5˚x2.5˚) network of tree-ring based
reconstructions of summer Palmer Drought Severity Index (PDSI; Palmer 1965) for North
America. We used the PDSI reconstruction for gridpoint 35 (northern California). A time
series of summer temperature anomalies (relative to a 1951-1970 base period) for northern
California was derived from the western North America gridpoint and regional summer
temperature reconstruction (Briffa et al. 1992; gridpoint 16).
The influence of teleconnections on fire occurrence and extent was analyzed by comparing
the fire record with a tree-ring and coral derived reconstruction of PDO (Gedalof et al. 2002),
and a tree-ring based Niño3 reconstruction (Cook 2000) for the period 1700-1900.
Fire-climate analysis
A contingency analysis was used to test the statistical significance of the synchrony of
multiple site fire events (Swetnam 1993). Observed numbers of fires co-occurring in different
combinations of sites (0 to 7 sites) were compared to expected numbers based on a χ2 test.
Pearson product moment correlation coefficients were calculated between climate (PDSI,
temperature, ENSO, PDO) and composite fire extent time series to study interannual
relationships. Interannual variations in all time series are emphasized by computing first
differences (value (year t) – value (year t-1)).
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Results
The observed co-occurrence of fire dates in multiple sites was much higher than would be
expected based on chance (χ2 = 69.2, p<0.001 for 1700-1800; χ2 = 46.5, p<0.001 for 18001900). Whereas less than 7 fire dates are expected to co-occur over the 200 year period in 3
or more sites, we found 29 fire dates for which this was the case. This strong synchronicity
among spatially disperse sites indicates a regional climatic influence on fire occurrence.
Climate is the only known environmental driver operating at these spatial and temporal
scales (Swetnam & Baisan 2003).
Table 2: Pearson correlation coefficients for the relationship between time series of fire extent (for 7
sites in the southern Cascade Range, California and the composite time series including all sites) and
time series of PDSI values, summer temperature anomalies and Niño3 values of the fire year
Statistically significant correlations are marked by * (p<.05) or ** (p<.01)

site

PDSI

Temp

ENSO

Caribou

-.185**

.07

-.049

CCRNA

-.2**

.222**

.04

GAMA

-.208**

.163*

-.05

Lassen Meadows

-.206**

.145*

.153*

Lava Beds

-.06

-.023

.057

Prospect Peak

-.228**

.192**

.155*

TLW

-.251**

.171*

.157*

Composite

-.356**

.252**

.129

Fire extent at all individual sites except for the Lava Beds site, is strongly associated with dry,
hot conditions in the concurrent summer (Table 2). The correlation with current year PDSI
and temperature (R=-0.356 and R=0.252, p<.01) is stronger for the composite time series
than for individual time series (Fig. 3), indicating the regional character of the climatic
association. Fire extent was not associated with climatic conditions in (up to four) previous
years. Fire extent at some sites is positively correlated with the concurrent Niño3 index
(Table 2), which reflects drier and warmer than normal conditions during El Niño years in
northern California. This pattern is also found in the relation between the composite fire time
series and ENSO, but is not statistically significant. No significant correlations were found
with the PDO index on an inter-annual time-scale for the period 1700-1900.
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Figure 3: Time series of correlations between a composite time series of fire extent for 7 sites in the
southern Cascade Range, California and reconstructed summer PDSI for northern California. PDSI
values and corresponding correlation coefficients are inverted to visually enhance the relationship.

Discussion
We developed an extensive regional network of fire extent time series for the southern
Cascades in northern California. This network allowed us to investigate broad-scale fire
patterns, by separating them from local patterns characterizing individual sites. Wildfires in
the region showed a strong synchroneity, reflected by the co-occurrence of fire dates in
spatially dispersed sites. The expected frequency of a fire date co-occurring in six out of
seven study sites strictly by chance, is once in over 13000 years. We found five years (1751,
1781, 1800, 1829 and 1883) in our 200-year study period, however, during which this was
the case. This high level of synchroneity does not imply a continuously burned area between
sample sites, but reflects the influence of climate in creating regionally synchronized
conditions conducive to burning (Swetnam & Betancourt 1998).
We built a time series of regional fire spread by combining the proportion of trees recording
fire per site with the number of sites burnt by fire in any given fire year. This approach
allowed us to emphasize the ability of fire to spread within and between sites in our study
area (Grissino-Mayer & Swetnam 2000). Interannual variability in fire spread is climatedriven, which is reflected by the strong correlations we found between regional fire extent
and PDSI and temperature. Widespread fires coincided with dry and warm conditions in the
fire year (Fig.3a), but were not associated with preceding climatic conditions. Wet and cool
years promote fine fuel accumulation in low-elevation, pine-dominated sites, which are
generally relatively dry (Norman & Taylor 2003), but are unlikely to cause significant variation
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in fine fuel production at higher-elevation sites and at low-elevation sites that are snow
covered in winter (Swetnam & Baisan 2003). Snowmelt in spring increases soil and fuel
moistures at the beginning of each fire season and fuels are generally not a limiting factor for
fire occurrence at these sites (Heyerdahl et al. 2002).
The fire extent time series showed some interdecadal variation, but no long-term trends
could be distinguished, apart from the abrupt decline of fire frequency after 1900. Hardly any
fire scars could be found after 1900, reflecting successful fire exclusion.
The importance of winter snow cover in the modulation of pre-fire exclusion fire regimes in
the southern Cascades, is expressed in the regional fire response to the ENSO circulation
pattern. We found a weak positive relation between ENSO and fire extent, reflecting the
coincidence of El Niño events with dry conditions and large fire years found in the PNW
(Heyerdahl et al. 2002, Hessl et al. 2004). In this region, the ENSO teleconnection is most
strongly expressed in winter snowfall, rather than in summer PDSI (Cayan et al. 1999). Fire
extent in this region is thus indirectly influenced by ENSO, through the timing of snowmelt
and the linked length of the fire season (Heyerdahl et al. 2002), rather than directly through
its influence on fuel moisture conditions. Fire extent in the southern Cascades is therefore
less explicitly driven by interannual ENSO variations than is the case for the southern Rocky
Mountains and the Southwest, where ENSO is more closely linked to fine fuel production and
fuel moisture content (Swetnam & Betancourt 1998, Veblen et al. 2000).
Although the PDO shows a teleconnection pattern similar to ENSO in northern California, no
correlations between fire spread and the PDO cycle were found for the period 1700-1900.
Large fire years tended to coincide with positive PDO phases in the PNW (Hessl et al. 2004),
where PDO is a driver of multidecadal winter precipitation (Mantua et al. 1997). The PDO
teleconnection pattern shows a dipole in the Western U.S., however, the pivot point of which
is located in northern California. PDO teleconnections show a strong spatial and temporal
variability in northern California, leading to a mixed PDO signal in pre-settlement fire regimes
(Norman & Taylor 2003, Taylor & Beaty 2005).
Considering the climatic influence on pre-settlement fire regimes in the southern Cascade
range, particularly the association of fire with temperature variations, future climatic change
is likely to affect fire regimes in the region. Despite the influence of fire exclusion and other
forest management activities on 20th century fire regimes (Skinner & Chang 1996), fire
extent appears still to be linked to climatic conditions (Westerling et al. 2003, Trouet et al.
2006). However, because of anthropogenic interference on the one hand and the complex
character of fire-climate interactions on the other, predicting the response of local forest fire
activity to future climatic change remains a major challenge.
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