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Introduction

Fireisthe dominant form of natural disturbance in temperate
forests, and, as such, it serves as a process that modulates
forest susceptibility to climate change, disease, and other
forms of disturbance. Fire has been identified as an important
catalyst of vegetation change during rapid climate shiftsinthe
past (e.g. T. Clark et al,, 1996; Swetnam & Betancourt, 1998),
and it has been implicated as the primary agent of ecosystem
changeinthefuture (e.g. Overpeck et al., 1990, 2003; Watson
et al, 2000). At the global scale, biomass burning is consid-
ered an important but poorly understood processin the global
carbon cycle, one that releases greenhouse gases, aerosols,
and particulates to the atmosphere but al so sequesters carbon
as inert charred matter and ash (Cofer et al., 1997; Watson
et al, 2000). At theregional scale, fire plays an essential role
in maintaining the integrity of forest ecosystems (MacNeil,
2000; Mills & Lugo, 2001; Nature, 2000). Because of fire's
importance as an ecosystem process at large and small scales,
it is necessary to understand: (1) the response of firesto past,
present, and future climate change for global change assess-
ments; and (2) therole of firein maintaining forest health and
promoting ecosystem change for better forest management.
Like many types of paleocenvironmental data, informa:
tion on past fires can be interpreted in climatic terms as
well as used as an indicator of how particular ecosystems
respond to known climate changes. The ultimate objective
of paleoenvironmental research is to do both — understand
the cause and ecological consequences of climate change.
Two sources of paleoecological data provide information on
fire-climate interactions. One source, dendrochronological
data, includes records of fire-scarred tree-rings and maps
showing the distribution of forest-stand ages following fire
(see Agee, 1993; Johnson & Gutsell, 1994, for information
on methods). Dendrochronological methods provide highly
resolved spatial reconstructions of past fire activity, but they
are limited by the age of living trees, which spans only
the last few centuries in most places. This relatively short
duration makes it difficult to examine the role of fire during
periods of major climate change. Moreover, tree-ring records
are best suited to reconstruct low-intensity ground fires that
do not kill trees and often offer little information on the
frequency of stand-replacing crown fires, which have become
more widespread in western forestsin the last two decades.
The second data source is the record of particulate
charcoal deposited in lakes and wetlands during and shortly
after a fire (see Whitlock & Anderson, 2003; Whitlock &
Larsen, 2002, for information on methods). Fire occur-
rence is identified by sedimentary layers with abundant or
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above-background levels of charcoal particles. The size and
exact location of fires cannot be resolved with the specificity
of dendrochronological studies, but charcoa records have
the advantage of providing a fire reconstruction that spans
thousands of years and encompasses periods of major climate
change and vegetation reorganization. Annually resolved fire
reconstructions are possible, but in most cases fire history is
described in terms of fire episodes (one or morefires) during
atime span of yearsto afew decades.

Fire was recognized as a past and present link between
climate change and vegetation responsein one chapter (Davis,
1965) of the review volume for the VIl Congress of the
International Association for Quaternary Research (Wright &
Frey, 1965). Since 1965, researchinfire history hasundergone
arenaissance that has improved the use of fire data as both a
pal eoclimatic and pal eoecol ogic tool. Recent studies consider
fireasaproximal cause of vegetation changes and al so recog-
nize that vegetation patterns (both spatially and temporally)
help shape fire regimes. The role of climate as the ultimate
control of both vegetation composition and fire regimes is
aso widely recognized. In this chapter, we discuss some of
therecent advances, including effortsto: (1) better understand
the processes that introduce charcoal into lakes and wetlands;
(2) refine the methods to interpret these deposits; and (3)
evaluatetheresponse of fireto climate and vegetation controls
operating on different time scales based on paleoecological
evidence, pal eoclimate simulations, and modern assessments.
We focus this review on research in North America.

Refinements in Charcoal Analysis

The use of charcoal data to reconstruct fire history in North
Americabeganinthelate 1960sand early 1970swhen micro-
scopic charcoa particles (generally <100 wm in diameter)
weretallied aspart of routine pollen analysis. Early on, Swain
(1973, 1978) developed afire reconstruction based on peaks
in the ratio of charcoal-to-pollen accumulation in varved-
sediment lakes in Wisconsin. Since then, numerous studies
have tallied microscopic charcoal particles, sometimes
referred to as pollen-slide charcoal, and included the time
series on pollen diagrams. Because small particlesare carried
aoft during afire and may travel long distances, the source of
microscopic charcoa is generally ascribed to regiona fires,
i.e. fires occurring in the region but not necessarily in the
local watershed. The initial research, nicely summarized by
Tolonen (1986) and Patterson et al. (1987), demonstrates the
value of microscopic charcoal for regional fire reconstruc-
tions, and Smith & Anderson (1992), Fall (1997), Delcourt

© 2004 ELSEVIER B.V.
ALL RIGHTS RESERVED



480 C. Whitlock & P.J. Bartlein

et al. (1998), Reasoner & Huber (1999) and Carcaillet et al.
(20014a) provide recent examples of this approach.

Macroscopic Charcoal Analysis

Interest in fire history has shifted from general descriptions of
regional -scaleincidence or frequency of regional firesto more
spatialy specific reconstructions of local fires. Local fire
records are based on the interpretation of macroscopic par-
ticles (generally >100 wm in diameter) recovered in sieved
residues (e.g. Carcaillet et al, 2001b; Long et al, 1998)
and on petrographic thin-sections (e.g. Anderson & Smith,
1997; Clark, 1988b, 1990) from contiguous core samples.
Studies that use macroscopic charcoal, emphasize the fire
history of the local watershed, and regional reconstructions
are based on networks of local records. The attention on local
fire reconstructions has necessitated a better understanding
of charcoa taphonomy, i.e. the processes that introduce
and deposit charcoal to a lake or wetland. The principles
of particle motion physics have been used to describe the
transport of charcoal particlesfrom apoint source, suggesting
that particles >1000 wm in diameter are deposited near afire,
particles <100 pm travel well beyond 100 m, and very small
particles are carried great distances before settling (Clark,
1988a; Patterson et al., 1987). Studies of recent firesindicate
a sharp decline in macroscopic charcoal beyond the fire
margin (Anderson et al., 1986; Clark et al, 1998; Gardner
& Whitlock, 2001; Ohlson & Tryterud, 2000; Whitlock
& Millspaugh, 1996), and charcoa abundance displays a
negative logarithmic distribution away from the source area
(Fig. 1A). Within the burned region, charcoa continues to
accumulate in lakes in the years after afire as aresult of sec-
ondary material transported and deposited from burned slopes
and lake margins (Bradbury, 1996; Whitlock & Millspaugh,
1996) (Fig. 1B). These processes of sediment focusing as
well as bioturbation may account for the fact that charcoal
peaksin sediment cores often span several centimeters.

Calibration of charcoal records comes from comparing
the age of charcoa peaks with the timing of known fire
events. In the case of varved-sediment records, the corre-
spondence between peaks and known fires may be accurate
to the year (Clark, 1990). Macroscopic charcoal records in
non-laminated sediments are dated with 2°Pb and AMS 14C
methods. Charcoal peaks in these sediments match the age
of known fire events but with less precision; the best results
come from regions with infrequent, high-severity fires that
produce abundant charcoal (Millspaugh & Whitlock, 1995;
Mobhr et al., 2000).

| dentification of fire episodes from charcoal record gener-
aly involves decomposing the influx datainto a background
component and a “peaks’ component (Clark & Patterson,
1997). The background component is considered to represent
secondary materia introduced to the lake during intervals
between fires, or to measure variations in fuel availability
and characteristics, or changesin charcoal delivery processes
to the lake. The peaks component represents the charcoal
introduced into the lake sediments during and immediately

after aparticular firein the “ charcoal catchment” of the lake.
The sequence of charcoal peaks is the inferred record of
fire episodes, from which fire frequency and the inverse, fire
return intervals (or time between fires), are calculated. Two
approaches have been proposed for the decomposition. Some
researchers use a Fourier-series filter (Press et al,, 1992) to
define the background component, and identify the peaks as
positive deviations of the influx series from the background
component (e.g. Carcaillet et al, 2001b; Clark & Royall,
1996). The background series is assumed to be composed
of many slowly varying sinusoidal components, and a filter
used in a particular application can be designed to remove
specific long-term variations in the charcoal influx. Another
strategy uses a locally weighted moving average to define
the background and a threshold ratio to identify peaks (e.g.
Brunelle & Anderson, 2003; Hallett & Walker, 2000; Long
et al, 1998) (Fig. 2) The first approach is a “globa” one
in the sense that the background component is determined
using information from the entire record, whereas the second
is obviously a “local” one that allows for changes in the
structure (the variability of the time series of charcoal influx
and the shape of its spectrum) over time. Other approaches
for performing the decomposition can be envisioned and in
practice no single approach may be optimal for all cases.

Other Proxy Indicators of Fire

Other fire proxies complement charcoal-based fire re-
constructions and have been used to infer the location and
sometimesthesize or severity of past fires. Gavin et al.(2002)
examined charcoal in soil profilesin coastal British Columbia
to better identify the location of past fire events recorded by
lake-sediment charcoal. The location and the time-since-fire,
determined by the age of charcoal particles in the soil sites,
varied in wet and dry settingswithin the watershed. Some wet
north-facing exposures, for example, had not burned since
the warm, relatively dry conditions of the early Holocene.

Close correspondence between charcoal pesks and
changes in key pollen taxa (Green, 1981; Patterson &
Backman, 1988; Swain, 1973) or assemblages of pollen taxa
that represent different stages of forest succession (Larsen
& MacDonald, 1998; Rhodes & Davis, 1995) has been used
to infer fire severity. Cross-correlations between pollen taxa
and charcoal have helped identify vegetation responses to
past fire events. For example, cross-correlation results from a
site in northern Alberta revealed increases in the abundance
of particular pollen taxa after peaks in pollen-slide charcoal .
The succession of pollen types was used as a guide for
identifying local fire events and post-fire recovery (Larsen
& MacDonald, 1998). On longer time scales, change in
abundance of fire-adapted and fire-sensitive taxain the pollen
record have also matched genera trends in fire frequency
through the Holocene (J. Clark et al,, 1996; Hallett & Walker,
2000; Long et al., 1998).

Sugita et al. (1997) tried to evaluate the source area of
the charcoal signal through the use of computer models that
simulate pollen source area. The magnitude of stratigraphic
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Fig. 1. Relationship between distance from a
fire and the deposition of charcoal. A. Empir-
ical evidence from Siberia, which shows that
large charcoal particles display a negative ex-
ponential distribution away from their source

and thus provide information on local water- ué
shed fires (afte€lark etal., 1998. B. Charcoal x
accumulation (macroscopic particle abun- %0:5
dance in the upper 2cm of deep-water sedi- ®.5
ments) into lakes in Yellowstone National Park s E
following the 1988 fires (data from 1989-1993, £
1995 and 1997). Lakes in burned and un- 5
burned watersheds received charcoal during
and immediately after the fire, but burned sites
continued to accrue charcoal in the few years
after the fire, and levels declined by 1997
(Whitlock & Millspaugh, 1996 unpublished
data).
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changes in particular fire-sensitive pollen taxa was used to
infer the size and location of thefire. The assumption wasthat
local fires would register a change in pollen abundance, but
the magnitude of the response would depend on the fire size
and distance from the lake and the lake size. These modeling
approaches hold great promise for improving the spatial
specificity of the fire reconstruction based on charcoal data.
Lithologic variations have also been used to infer the
intensity of the fires and confirm their location within a
watershed. Peaks of high-magnetic susceptibility in lake-
sediment and wetland records have been used to detect
pulses of erosion associated with fires and the formation of
ferromagnetic minerals (Gedye et al,, 2000; Millspaugh &
Whitlock, 1995). Fire-induced erosion has also been inferred
from increases in the content of auminum, vanadium, and

T
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silt in sediment associated with charcoa peaks (Cwynar,
1978) and increases in varve thickness (Clark, 1990; Larsen
& MacDonald, 1998). The useful ness of sediment magnetism
and geochemistry asfire proxies depends on thefire location,
fire type and intensity, and soils and substrate type.

In summary, the use of charcoa data to reconstruct past
fires has become grounded by studies of modern charcoal
transport and deposition. High-resolution charcoal analysis
of contiguous samples in varved- and non-laminated sedi-
ment records provide detailed time series that can be used to
reconstruct fire frequency. Microscopic charcoal records of-
fer information on fire activity at the regional scale, whereas
macroscopic charcoal data revea the frequency of local
fires. Both approaches have been used to study vegetation
and climate change. In addition, explicit consideration of the
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componentsthat comprise charcoal records hasimproved fire
reconstructions. The trends in macroscopic charcoa time-
series provide information on changes in biomass and fuel
availability through time, while the high-frequency signal
denotes variations in fire frequency. As a result of these ad-
vances, charcoal and related fire proxy dataare effectivetools
for studying both fire-vegetation and fire-climate relations
in the past.

Modern and Past Fire-Climate Linkages
Fire Weather and Fire Climate

A better understanding of fire weather and fire climatology
offers opportunities to refine the use of fire history data to
discern fire-climate relationshipsin the past. Like many other
environmenta events (e.g. floods, avalanches), fires reflect
both concurrent and antecedent conditions. Fire weatheris
the assemblage of specific meteorological conditions that
vary on hourly and daily time scales and control theignition,
spread, and suppression of individua fires; fire climate
consists of atmospheric circulation configurations and the at-
tendant surface-climate anomaliesthat persist over time spans
of weeks to seasonsto years. The likelihood of firein agiven
year is determined by particular weather conditions and their
influence on fuel moisture, precipitation, relative humidity,
lightning, air temperature, and wind (Pyneet al., 1996; Weber
& Flannigan, 1997). These weather conditions are embedded
in large-scale climate anomalies, involving the strength of
subtropical high-pressure systems, thelocation of upper-level
ridges and troughs (and the moisture fluxes and vertical mo-
tions they govern), and the specific location of convectional
storms during the fire season (Johnson & Wowchuk, 1993;
Nash & Johnson, 1995; Skinner et al.,, 1999, 2002).

Specific mechanisms link both large-scale and secondary
circulation features with what happens at the surfacein apar-
ticular region. Thislink hasbeen described for specificregions
in North America (e.g. Skinner et al,, 1999, 2002; Weber &
Flannigan, 1997) to infer: (1) the anomalous components of
mid-tropospheric flow, which in turn enhance or deflect the
flow of moisture into aregion; (2) the location of persistent
ridges and troughs, which enhance or suppress precipitation
through their influence on vertical motions; and (3) the
effects of these components on cloudiness and surface energy

bal ances, whichinfluence soil and fuel moisture. Somestudies
have attempted to bridge these scalesby considering statistical
rel ationships between synoptic-scal e atmospheric circulation
patterns and specific fire-related meteorological variables
(Flannigan & Harrington, 1988; Klein et al., 1996; Roads
et al,, 2000). Others have considered the remote controls of
regional climate anomalies (e.g. North Pecific sea-surface
temperatures) and regional area burned (Flannigan et al,
2000).

Modern studies disclose the nature of fire-climate
linkages on short time scales. On inter-annua time scales,
fire activity inferred from dendrochronological datain many
areas of North America s correlated with climate variations
arising from atmosphere/ocean interactions, like the El Nifio-
Southern Oscillation (ENSO) (Swetham & Betancourt, 1990,
1992; Veblen et al., 2000). Likewise, decades of higher-than-
normal precipitation (and fuel build-up) are often associated
with significant fires when they are interrupted by drought
episodes that reduce fuel moisture (Swetnam & Betancourt,
1998). Shifts between El Nifio and La Nifia phases or in the
decadal-scale climate variability determine drought severity
during a particular fire season or years, as well as the accu-
mulation of fuels in previous years. This alternation of wet
and dry episodes has been shown to be important in shaping
the fire regime of the last few centuries, especialy in low-
elevation conifer forests (e.g. Clark, 1988c; Grissino-Mayer
& Swetnam, 2000) and grasslands (Clark et al., 2002).

Fire-Climate Linkages on Holocene Time Scales

On century and longer time scales (>10? years), large-scale
changes in the climate system caused by variations in the
seasonal cycle of insolation, atmospheric composition,
and atmosphere-ocean interactions emerge as important
controls of the fire regime. Variationsin the seasonal cycle of
insolation on orbital time scales (103-10° years) govern the
slowly varying components of the climate system, and these
apparently shape the long-term fire regime and vegetation.
High-resolution charcoa records provide an opportunity to
examine changesin fire activity in response to changesin the
large-scal e controls. For example, arecord from Cygnet Lake
in Yellowstone National Park was examined to reconstruct
the fire history of the last 17,000 years, and compare it with
changes in summer insolation that varied the intensity of

Fig. 2. A—F. Cygnet Lake, Yellowstone National Pavidlspaugh et al., 2000provides an example of the charcoal decomposition
approach ofLong et al. (1998)A. Charcoal concentration calculated in contiguous samples; B. Data re-expressed as charcoal
accumulation rates; C-D. Data decomposed into background trend (smooth curve) and charcoal peaks above background (Peaks
are inferred to be fire episodes); E. Locally weighted frequency of charcoal peaks per 1000 years; F. Summer insolation anomaly.
(Comparison of E and F suggests that time of maximum fires and the broad rise and fall of fire frequency is governed by the
influences of the insolation anomaly.) G—L. Climate patterns shown in GCM simulations and modern NCEP data provide an
explanation for high-fire activity noted at Cygnet Lake. G—I. 11,000 cal yr B.P.-minus-present anomalies of July 500 mb heights,
vertical velocity, sea-level pressure, as simulated by a GOMbach et al. (199%ee als®Bartlein et al., 1998 J-L. Composite
anomalies for same variables in NCEP daka{nay et al., 1996; Kistler et al., 200Tor recent years of large-area burned in
Montana.
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drought in the region (Millspaugh et al., 2000) (Fig. 2). The
record suggested that fire frequency in the early Holocene
(between 10,000 and 11,000 cal yr B.P.) reached a maximum
of 10-15 episodes/1000 years, in contrast to frequencies of
<5 episodes/1000 years over the last few thousand years
(Millspaugh et al., 2000).

A comparison of modern climate during high-area burned
years with paleoclimate model simulations produced by
general circulation models elucidates the large-scale climate
features that give rise to fires in the region, both at present
and in the early Holocene (Fig. 2). Despite the radical dif-
ference in the boundary conditions between the present and
11,000 cal yr B.P. (most notably the still-large ice sheet and
greater-than-present summer insolation at 11,000 cal yr B.P),
the anomaly patterns look broadly similar. They are aso
similar in scale and patchiness, suggesting that thelarge-scale
settings of years (or millennia) with frequent fires are similar
(see figure legend for further discussion). In this example,
thelarge-scal e control — variationsin summer insol ation — af-
fected past fireactivity through changesin the samefeaturesof
atmospheric circulationthat influencetheintensity of summer
aridity and fire occurrence at present. The similarity suggests
the intriguing hypothesis that circulation patterns that char-
acterized the mean climatic state during the early Holocene
resemble anomalous circulation patterns that occur as
components of inter-annual circulation variations at present.

In the western U.S., Holocene fire reconstructions have
been used to study thefire and climate histories of two precip-
itation regimes that are evident in the climate at present. One
regimeis centered in the Pecific Northwest and receiveslittle
precipitation in summer and hence the summer-to-annual
precipitation ratio islow. In this summer-dry regime, summer
conditions are influenced by the northerly position of the
northeast Pacific subtropical high-pressure system, which
brings dry stable conditions. Cygnet Lake liesin this precip-
itation regime. In contrast, the summer-wet regime receives
relatively high summer precipitation at present as a result of
the influence of monsoonal precipitation. Thisregimeiswell
developed in the American Southwest, but summer precip-
itation maxima are also evident in the Great Plains and parts
of the northern Rockies. During the early Holocene, these
two precipitation regimes intensified in the western U.S. asa
result of greater-than-present insolation in summer (Bartlein
et al, 1998; Fal et al, 1995; Mock & Brunelle-Daines,
1999; Whitlock & Bartlein, 1993). Areas under the influence
of the subtropical high became drier as summer insolation
directly increased temperatures and decreased effective
moisture and indirectly strengthened the subtropical high.
In the summer-wet regime, temperatures were higher as a
result of the direct effects of greater insolation, and summer
precipitation increased as a result of stronger onshore flow.

Shifts in long-term fire frequency in summer-dry and
summer-wet regions probably reflect variations in fuel
moisture as a result of shifts in the relative importance of
winter and summer precipitation. Theinfluence of astronger-
than-present subtropical highin the early Holoceneisevident
in fire reconstructions from the summer-dry regions of the
Pacific Northwest and northern Rockies. Fire frequency was

high before and at ca. 7000cal yr B.P, coincident with the
timing of maximum summer drought, and declined to present
day as the climate became wetter (Fig. 3A). Fire activity de-
clined in the late Holocene as the climate became cooler and
wetter and present vegetation was established. This response
is also registered at sites in the mixed conifer forests of the
Klamath Mountains of northern California, athough less
clearly because fires are generally more frequent there and
the sedimentation rates of the lakes are very slow. Especially
high periods of fire activity took place at ca. 8000, 4000,
and 1000cal yr B.P. (Fig. 3A). The number of fire episodes
(charcoal peaks) varied among regions depending on the
fuel conditions and severity of drought. For example, fires
were less frequent in the relatively wet Coast Range, more
common in the summer-dry regions of the Rocky Mountains,
and very common in the dry forests of the Klamath region.
Despite differences in fire frequency among summer-dry
regions, the temporal trends in fire occurrence, governed by
large-scale circulation features, show similarities.

The summer-wet sites of the northern Rockies (Pintlar
and Baker lakes) and in Yellowstone National Park (Slough
Creek Lake) featured low fire occurrence in the early
Holocene and highest fire activity in the late Holocene. This
shift in fire frequency is consistent with the effects of the am-
plification of the seasonal cycleof insolationin areas strongly
influenced by the summer monsoon. Higher-than-present
summer precipitation suppressed fires in the early Holocene
as a result of stronger onshore flow; as summer insolation
decreased and monsoons weakened in the middle and late
Holocene, fire activity increased. The summer-wet sites also
record high fire frequency in the late-glacial period, perhaps
in response to higher-than-present summer insolation but
weaker monsoonal circulation than in the early Holocene.

Charcoal records from 30 sites in Quebec aso disclose
variations in summer precipitation through the Holocene
(Carcaillet & Richard, 2000; Fig. 4). Examination of recent
years of high area burned in eastern Canada suggests that
the fire seasons are associated with the development of
an anomalous upper-level ridge immediately over and
upstream of east-central Canada (Skinner et al., 1999, 2002).
During these years, more meridiona circulation deflects
moisture-bearing systems away from southern Quebec. The
records show higher fire incidence in the early Holocene,
followed by a shift to fewer fires after 8000ca yrB.P.
(Carcaillet & Richard, 2000). Fire activity increased after
3000cal yr B.P. and remained high to the present at severa
sites. Early-Holocene drought is attributed to the effects
of higher-than-present summer insolation and locally dry
conditions at the margin of the ice sheet. Inferred greater
dominance of humid Atlantic air masses over Canada in
middle Holocene summers led to fewer fires than before.
More frequent incursion of dry Pacific air or cool Arcticairin
summers resulted in more fires after 3000 cal yr B.P. Thefire
regime shifts occur independently of the vegetation changes,
suggesting the control of climate for fire conditionsis differ-
ent from that for vegetation change (Carcaillet et al,, 2001a).

Fire variations on centennial scales are evident in
dendrochronological and lake-sediment records across
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Fig. 3. A. Macroscopic charcoal peaks in lake-sediment records from summer-wet and summer-dry climate regions in the
northwestern United States. Charcoal peaks are the occurrence of charcoal accumulation values above background values and
interpreted as “fire episodes” within the watersheds of the lakes. B. Sites with fire activity at ca. 1100-1200 cal yr B.P. as shown
by the presence of charcoal peaks. This period falls within the so-called Medieval Warm Period when fire frequency was high at
many sites, as evidenced by the number of charcoal peaks/1000 years. Reference to lake sites: Baker, Pintlar, and Hoodoo lake:
(Brunelle, 2002, Burnt Knob Lake Brunelle & Whitlock, 2008 Slough Creek LakeMillspaugh & Whitlock, 2008 Cygnet

Lake Millspaugh et al., 200 Trail Lake and Cedar Lake (Whitlock, R. Sherriff, and T. Minckley, unpublished data); Taylor
Lake (ong & Whitlock, 2002, Lost Lake [ong, 2003; Little Lake (Long et al., 1998 Crater and Bluff lakeslohr et al.,

2000.

North America. For example, increased fire activity is noted
between 800 and 1200 cal yr B.P. — the so-called Medieval
Warm Period — in Yellowstone National Park (Meyer
et al, 1995; Millspaugh & Whitlock, 2003), the Sierra
Nevada (Swetnam, 1993; Brunelle & Anderson, 2003), the
Klamath Mountains (Mohr et al, 2000), and the northern
Rocky Mountains (Brunelle, 2002; Hallett & Walker, 2000)

(Fig. 3B). Synchronization of fire activity across regions
that display different climate responses on millennia time
scales suggests that short-term variations in climate can
override the long-term controls. The situation is not unlike
recent years (e.g. 1988, 1996, and 2000) when large areas
burned in the West as aresult of anomalous drought and fuel
buildup.
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in fire history that are fairly coherent within climate regions
and reasonable in light of our understanding of changes in
climate and vegetation during the Holocene.

Better appreciation of the climate conditions that give
rise to fires on daily-to-annua time scales has furthered
fire-history research from the standpoints of description
(Where did fires occur and when?) and hypothesis testing
(How does the fire history record provide a series of natural
experiments to test fire-climate relationships under different
climatic controls?). Modern climate data help revea the
large-scale atmospheric circulation features that promoted
large severefiresin recent years. With the use of paleoclimate
model simulations, it is possible to examine the frequency
of such conditions through the Holocene and ascertain how
past variations in fire frequency are related to droughts on
annual-to-decadal times scales (e.g. ENSO and PDO [Pacific
Interdecadal Oscillation]) and on centennial time scales (e.g.

Fig. 4. Variations in fire activity during the Holocene based \jedieval Warm Period). On longer time scales, the role of
on microscopic charcoal records from Quebec. The data are more slowly varying components of the climate éystem such

presented as charcoal abundance anomalies calculated atyg changes in the seasonal cycle of insolation, atmospheric

1000-year intervals, in which charcoal influx at a particu-

composition, sea-surface temperatures and ice-sheet size, on

lar interval is compared with the mean charcoal influx over o regimes comesinto play.

entire Holocene at each site. Below average fire activity is

gray; above average is black (based®@arcaillet & Richard,
2000.

Discussion

The growing network of high-resolution fire reconstructions,
based on charcoal analysis of lake-sediment records, offers
a new proxy by which to study climate change and climate
variability in the Holocene. The strength of charcoal dataasa
paleoclimatic tool rests on understanding the controls of fire
regimes and the climate and weather conditions that accu-
mulate and dessicate fuels and create ignitions. In grassland
regions, wet years give rise to frequent fires because they
allow build-up of fine fuels necessary to spread fires, whereas
inforested regions, fire activity increasesin dry seasonswhen
fuelsdry out. In xeric forests, previousyears or seasonsare as
critical in determining the fire regime as is the season of fire
occurrence; in mesic forests, fire events correlate best with
climate anomalies of the fire season, with little antecedent
influence (Westerling et al.,, 2003). In other words, one rule
doesnot apply to al fire-climate systems, and thiscompl exity
makes the reconstruction of past climate conditions from fire
history information particularly challenging.

Charcoal analysis has undergone considerabl e refinement
inthe recent decades with improvementsin the understanding
of charcoal taphonomy and the interpretation of charcoa
data. Local fire histories of relatively high precision are ob-
tained from an examination of macroscopic charcoal records,
and these records are used to infer variations in fire episodes
through time. Microscopic charcoal data also provide fire-
history information, but at a more generalized regional scale.
Additional fire proxies, including high-resolution pollen data,
soil charcoal, and lithologic and geochemical information,
enhance fire-history interpretations. The growing network
of charcoal records from North America shows variations

Current collaborations among fire historians, clima-
tologists, and paeoclimatologists promise to lead to the
development of new conceptual models that explain the
causes of variations in fire incidence on different spatial
and temporal scales. Insights gained from understanding
fire-climate-vegetation relations in the past are an essential
part of this effort. For example, information on the climate
conditions conducive to past fires helps assess the role of
fire in the face of projected changes in climate resulting
from global warning. Moreover, close comparison of fireand
other paleoecological records disclosesthe ecological conse-
guences of changing fire regimes and plant communities, and
this information can help guide management decisions that
consider the role of natural disturbance in current and future
forests. Examination of anetwork of fire-history records that
span arange of past conditions will help discern the relative
importance of fuel build-up vs. climate change during current
fire years. Thus, the paleoecological perspective provides
an understanding of the ecologica and environmental
conditions that promote individual fires, create particular fire
regimes and determine the natural range of variability in this
important ecosystem process.

Summary

Recent advances in fire-history research have enabled the
use of charcoal records both as a proxy of climate change
and as a tool for examining the response of ecosystems
to disturbance. High-resolution charcoa records, obtained
from the sediments of lakes and wetlands, are available from
several sites in North America and provide information on
changes in fire regime occurring on annual-to-millennial
time scales during the Holocene. Such reconstructions are
supported by studies of recent fires that identify the charcoal
source area and processes of charcoal deposition, as well as
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modern fire-climate-vegetation interactions. When charcoal
time series are decomposed, it is possible to distinguish
between aslowly varying component that representsvariation
in fuel composition and hydrology, and charcoal peaks that
signify fire episodes. Associated pollen records complement
the reconstruction by disclosing past changes in vegetation
following individual fires, the role of vegetation in shaping
fire regimes, and the long-term conseguences of changes in
the fire regime on vegetation. The influence of large-scale
controls of climate on fire patterns, including variations in
summer insolation during the Holocene, is evident in the
temporal and spatial variations in fire reconstructions in
western and northeastern North Americaand froman analysis
of atmospheric circulation features that give rise to fires.
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