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Abstract

Fire is an important part of the disturbance regimes of northwestern US forests and its role in maintaining and altering forest
vegetation is evident in the paleoecological record of the region. Long-term reconstructions of Holocene fire regimes, provided
by the analysis of charcoal, pollen, and other fire proxies in a network of lake records, indicate that the Pacific Northwest and
summer-dry regions of the northern Rocky Mountains experienced their highest fire activity in the early Holocene (11,000-7000
years ago) and during the Medieval Warm Period (ca. 1000 years ago) when drought conditions were more severe than today. In
contrast, in summer-wet areas of the northern Rocky Mountains, the period of highest fire activity was registered in the last 7000
years when dry woodland vegetation developed. When synthesized across the entire northwestern US, the paleoecological
record reveals that past and present fire regimes are strongly controlled by climate changes occurring on multiple time scales.
The scarcity of fires in the 20th century in some northwestern US ecosystems may be the result of successful fire suppression
policies, but in wetter forests this absence is consistent with long-term fire regime patterns. In addition, simulations of potential
future climate and vegetation indicate that future fire conditions in some parts of the northwestern US could be more severe than
they are today. The Holocene record of periods of intensified summer drought is used to assess the nature of future fire—climate—
vegetation linkages in the region.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction efforts. The last 15 years have witnessed several large
wildfires in western coniferous forests. In 2000, for
example, over 3.5 million ha burned in western Mon-
tana, northern Idaho, and California despite over $ 1.3

billion spent on fire fighting efforts (National Intera-

The role of fire as a driver of ecological change is
widely recognized among researchers and managers.
In forests of the western US much attention has

focused on trying to identify and recreate the fire
regimes that existed at the time of Euro-American
settlement and before extensive fire suppression
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gency Fire Center, 2002). These recent fire events are
widely blamed on the build-up of fuels, in particular the
“thickening” of the forest that has occurred in recent
decades in the absence of fire. In 2001, over $ 200
million was allocated as part of the National Fire
Plan directed at fuel mitigation and our ability to
suppress fires through such actions continues to
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improve (USDA Forest Service, 2001). In the last 15
years, the western US has also experienced extreme
fire-conducive climate conditions, including droughts
that have been more severe than any previously
recorded in the instrumental meteorological record
(National Oceanic and Atmospheric Administration,
2002).

The co-occurrence of high fuel accumulation, low
fuel moisture, and fire-conducive weather patterns has
given rise to a national discussion about the causes and
proper responses to wildland fires. The debate centers
on some basic questions: to what extent is the current
fire regime caused by forest management or is it a
product of changing climate (both natural and human-
induced changes)? Irrespective of the cause, do the
environmental conditions supporting the current fire
regimes exceed the range of conditions experienced in
the past? Can intensive fuels management restore the
pre-settlement fire regimes, given the potential mag-
nitude of environmental changes projected for the
future?

Answering these questions requires an understand-
ing of the relationships among fire, climate, and
vegetation, especially the dynamics of those relation-
ships prior to extensive forest management activities.
These questions also raise important management
issues about future fire conditions that may occur as
a result of potential future vegetation and climate
changes. In this paper, we describe the methods used
to study past fire, vegetation, and climate interactions
in the northwestern US, an area that includes the
Pacific Northwest and northern Rocky Mountains.
These reconstructions provide an opportunity to
examine both the pre-historical and historical range
of variability of fire occurrence on multiple time
scales. We also examine the potential future environ-
mental changes in the region as simulated by climate
and vegetation models and discuss the implications of
these changes for future fire regimes and management
responses to fire.

2. Tools for paleoenvironmental research

2.1. Fire-history reconstructions

Fire-history information is provided primarily by
two types of data: (1) fire-scarred tree rings and stand-

age data, and (2) proxy data from sediment records
(see Agee, 1993; Patterson et al., 1987; Whitlock and
Larsen, 2002). These data sources describe fire
regimes at multiple temporal and spatial scales.
Tree-ring data and stand-age information provide
short-term reconstructions of fire events, usually span-
ning the last 400 years or less. Fire-scars on tree rings
register fire events that were not lethal to the tree,
whereas stand establishment dates identify the mini-
mum age of the last stand-replacement fire. In the
northwestern US, the fire history of montane and
subalpine forests is characterized by infrequent severe
fires, as evidenced by the mosaic of stand ages in these
forests (Arno and Sneck, 1977; Romme and Despain,
1989; Agee, 1993). The dominant conifer species of
these forests, including subalpine fir (Abies lasiocarpa
(bifolia)), whitebark pine (Pinus albicaulis), and
Engelmann spruce (Picea engelmannii), are adapted
to a long fire interval (i.e., a long time between
subsequent stand-replacing fires). Other species, such
as lodgepole pine (Pinus contorta), help maintain a
stand-replacing fire regime as a result of their high
flammability and serotinous cones. Lower elevation
forests, dominated by ponderosa pine (Pinus ponder-
osa) and Douglas-fir (Pseudotsuga menziesii), are
maintained by frequent ground fires, which are best
measured by fire-scarred tree-rings. In between these
two extremes are fire regimes in forests that feature
mixtures of fire-resistant and fire-sensitive species,
which result in a complex array of stand ages and
species composition derived from both crown and
ground fires. Most forested regions of the western
US experience this mid-severity fire regime.

The second method of fire-history reconstruction,
and the primary focus of this paper, involves the
examination of paleoenvironmental data preserved
in sediments, with most work focusing on lake sedi-
ments (although see Meyer and Pierce, 2003 for a
discussion of fire records from alluvial fan and col-
luvial sediments and Gavin, 2000 for fire records from
soils). Lake sediments serve as repositories of proxy
data recording past environmental conditions within a
watershed. Particulate charcoal, such as charred wood,
bark, and leaves, is introduced into a lake through
airborne fallout and delivery by streams and slope-
wash. Intervals in sediment cores for which charcoal
abundance exceeds a prescribed background level are
considered evidence of a fire episode. The time series
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of charcoal peaks from lake-sediment records provide
information on long-term variations in fire frequency.

The tree-ring and lake-sediment records of past fire
activity have strengths and weaknesses (see discussion
in Whitlock and Larsen, 2002). Tree-ring records offer
a high level of spatial resolution in a fire reconstruc-
tion, and it is possible to use tree-ring records to
distinguish between locations that experienced high-
severity and low-severity fires. The location of fire-
scarred trees identifies the exact location of particular
fires, and thus dendrochronological reconstructions
provide spatially-specific information. They are also
temporally precise in that the tree rings can be used to
date a fire event to a particular year or even a particular
season. Stand-age analysis is spatially-specific as well
(i.e., the location of the fire can be identified), but it is
temporally less precise because of the potential lag
between the fire event and the first establishment of
trees. Both methods also suffer from an ‘‘erasure
effect” (Agee, 1993), which means that as old trees
become progressively scarcer on the landscape the
fire-history data they contain is essentially “erased”.
This attenuation reduces the likelihood of identifying
old fire events, and consequently most tree-ring stu-
dies show that fire events become less frequent as one
goes back in time. Although tree-ring methods extend
back to the age of the oldest living tree, this time span
is not long enough to capture major changes in
vegetation and climate, and the record is biased toward
low-severity fire events that scar trees but do not kill
them.

Charcoal records from lake sediments reconstruct
past fires with less temporal and spatial precision than
tree-ring records. Modern taphonomic studies have
shown that charcoal accumulation into a lake con-
tinues for a few years after a fire because of trans-
portation and redeposition of secondary charcoal
within the watershed and the lake (Millspaugh and
Whitlock, 1995). This process tends to blur the exact
age of a fire, even when charcoal particles are directly
dated by radiocarbon dating. Additionally, the char-
coal deposited in a lake may represent more than one
fire within the watershed, or fires from more than one
year. As a result, lake-sediment researchers refer to a
fire episode as one or more fires occurring in the time
interval of interest, rather than individual fires. Ideally,
lakes with annually laminated (i.e., varved) sediment
permit the age of a fire to be established to the year

(Clark, 1990), but such lakes are rare in the western US
and the timing of charcoal deposition still post-dates
the fire it represents. In non-laminated sediment
records, the age of a fire event is established by
interpolation from a series of radiometric ages deter-
mined by 2!°Pb and radiocarbon dating. The radio-
carbon dates are converted to calendar years, and the
possibility of multiple calendar ages for a single
radiocarbon date introduces another source of error
in the chronology. This lack of temporal precision,
however, does not prevent the identification of indi-
vidual fires in areas with long fire intervals. For
example, fires in the coastal rainforests of the Pacific
Northwest are infrequent enough to be distinguished
in lakes with sedimentation rates of decades per
centimeter; in contrast, dry-forest sites with frequent
fires tend to produce less-discrete charcoal peaks.
Charcoal peaks in the uppermost sediments (dated
with 21°Pb) can be calibrated by matching them
against known fires. This modern calibration helps
to establish a value that distinguishes background
levels of charcoal from significantly higher amounts
of charcoal, i.e., charcoal peaks. Background charcoal
is the secondary material that is introduced into lakes
during non-fire years and is present in measurable
amounts in almost every centimeter of cores from the
western US. Variations in background charcoal are
thought to reflect changing levels of fuel biomass (see
Long et al., 1998; Whitlock and Larsen, 2002). In
general, a region dominated by closed mixed-conifer
forest with abundant woody fuel will produce higher
background levels of charcoal than an open parkland
with less woody fuels, although more research is
needed to define the specific relationship between
background charcoal and fuel biomass. The peaks
above the background level represent the fire events
and some component of natural variability.
Although not as precise as tree-ring records, char-
coal records from lake sediments can provide some
information on the spatial location and size of the fires
represented by charcoal data. Records of macroscopic
charcoal particles (>100 um) are interpreted as result-
ing from a fire within the lake’s watershed, based on
empirical evidence that particles of this size do not
travel far from their source (Whitlock and Millspaugh,
1996; Clark et al., 1998; Gardner and Whitlock, 2000).
In addition, local fires upwind of the lake are better
recorded than those downwind (Whitlock and Mill-
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spaugh, 1996; Gardner and Whitlock, 2000). More-
over, the size of a charcoal peak is not necessarily
indicative of the size of the fire, because fires close to
the lakeshore can deposit abundant charcoal into a
lake even if a fire is relatively small. Identification of
the potential fire source area rests on information
about recent historical fires, either from documentary
evidence or tree-ring studies.

2.2. Vegetation history reconstructions

In addition to charcoal, lake sediments also provide
long-term records of vegetation change. Pollen in lake
sediments is a primary tool for reconstructing past
variations in vegetation and climate in the western US.
The relationship between modern lake-sediment pol-
len and present-day vegetation and climate is used to
reconstruct past vegetation—climate relationships, tak-
ing into consideration that pollen records are affected
by the ability of some species to produce more pollen
than others and that pollen of some taxa may travel
very long distances (e.g., Fall, 1992; Davis, 1995;
Minckley and Whitlock, 2000). Pollen is generally
identified to the level of genus, but sometimes only
family-level identification is possible. Pollen identifi-
cations are supplemented by the presence of seeds,
leaves, and other plant macrofossils in the sediment,
which can often be identified to species and provide
information about local vegetation (Birks, 2002).
These macrofossils can also be radiocarbon dated to
provide a chronology for the sediment record.

2.3. Fire-related erosion

Past episodes of erosion into a lake can be measured
by subtle increases in the sediment magnetic suscept-
ibility, which is a proxy for the introduction of iron-
bearing minerals from weathered bedrock, especially
magnetite, or from soils that have burned and been
thermally altered (Millspaugh and Whitlock, 1995;
Gedye et al., 2000). Non-destructive measurements of
the magnetic susceptibility of sediments help to iden-
tify time periods when clastic material is mixed with
autochthonous lake sediments. When pulses of clastic
material are associated with charcoal peaks, they can
provide evidence of local fires that were extensive and
severe enough to trigger mass-wasting events within
the watershed.

3. Modeling past and future fire conditions
3.1. Models

Our understanding of fire regimes gained from
paleoecological data can be enhanced using a variety
of climate, vegetation, and other physically-based
process models. These numerical models can simulate
the physical conditions supporting fire regimes and
thus allow us to test hypotheses about the processes
driving fire regimes at different times in the past.
Models can also be used to simulate the potential
future impacts of changing climate, vegetation, and
fire on the landscape.

Coupled atmosphere—ocean general circulation
models (AOGCMs) are used to identify the patterns
and causes of climate change (COHMAP Members,
1988; Kutzbach et al., 1998), and they have been used
to study past, present, and future climates (IPCC,
2001). AOGCMs typically have a coarse spatial reso-
lution (a grid cell may span a few degrees of latitude
and longitude) and a relatively crude representation of
topography. They also often oversimplify the simula-
tion of those climate variables that are most critical for
understanding plant distributions and potential fire
conditions, such as soil moisture. One of their
strengths, however, is in demonstrating the potential
effects of variations in the seasonal cycle of insolation,
ice cover, atmospheric CO,, and topography on regio-
nal climate. Output from AOGCMs can be used as
boundary conditions for regional, or mesoscale, cli-
mate models that offer a finer spatial resolution and
more elaborate depictions of the climate processes that
operate at the land surface (Giorgi and Mearns, 1991).

A variety of vegetation models have been used to
simulate past and potential future changes in vegetation.
These models range from statistical models (e.g.,
Iverson and Prasad, 1998; Shafer et al., 2001) to more
mechanistic, process-based models (e.g., Haxeltine and
Prentice, 1996). Most recent has been the development
of dynamic global vegetation models (DGVMs), such as
LPJ (Sitch et al., 2003) and IBIS (Foley et al., 1996),
which simulate complex biogeochemical processes
and vegetation dynamics including disturbance
regimes. In addition to climate and vegetation models,
other physically-based process models, such as water-
balance models, can be used to simulate important
fire-related properties, e.g., soil moisture.
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3.2. Data-model comparisons as a research
approach

When several paleoecological records are com-
pared, it is possible to discern local, regional, and
continental-scale patterns of fire and vegetation
change. However, different physical processes may
create similar patterns of change, and the same pro-
cesses may interact differently at different temporal
and spatial scales. Models can be used to test which
processes are the most plausible controls of particular
patterns, and data-model comparison efforts are
increasingly common (e.g., COHMAP (COHMAP
Members, 1988) and BIOMEG6000 (Prentice and
Webb, 1998)). For example, climate reconstructions
based on the paleoecological record can be compared
with paleoclimate simulations produced by AOGCMs
(Barnosky et al., 1987; Thompson et al., 1993; Bar-
tlein et al., 1998). Such comparisons of data and model
results highlight regions where the paleoclimate
reconstructions seem well explained by a particular
set of climate variables, and also identify regions
where additional data and model development might
be useful. Paleoecological databases also provide
information on changing distributions and associa-
tions of plant and animal taxa through time (Webb,
1988; Delcourt et al., 1983; FAUNMAP Working
Group, 1996). Paleoenvironmental databases for a
variety of proxy data are now available through the
NOAA World Data Center for Paleoclimatology
(http://www.ngdc.noaa.gov/paleo/paleo.html).

4. Controls of long-term variations in fire
history in the northwestern US

4.1. Large-scale controls of climate change

In the northwestern US, the long-term controls of
climate change and how they influence regional envir-
onmental changes are relatively well known for the
last 20,000 years—the time since the last ice age. By
convention, the late-glacial period refers to the period
from 16,000 to 11,000 cal year BP (i.e., calendar years
before present) and the Holocene represents the last
11,000 cal years. Based on the timing of major
environmental changes, we divide the Holocene into
three periods for convenience of discussion: the early

Holocene (ca. 11,000-7000 cal year BP), middle
Holocene (7000-4000 cal year BP), and late Holocene
(4000 cal year BP to present). The actual timing of
Holocene environmental changes varies somewhat
from region to region.

In the last 20,000 years, the large-scale controls of
climate included the size and position of the Lauren-
tide and Cordilleran ice sheets and their influence on
temperature gradients and the strength and position of
the jet stream (and thus winter storm tracks; Thomp-
son et al., 1993; Bartlein et al., 1998). The size of the
ice sheets also determined the strength of the glacial
anticyclone and the flow of surface winds off the ice
sheet. Another important control of regional climate
has been the variations in the amplitude of the seasonal
cycle of insolation, which have occurred as a result of
regular variations in the earth—sun orbital geometry,
the tilt of the earth on its axis, and the timing of
perihelion (the point in the earth’s orbit when it is
closest to the sun). These orbital variations occur on
scales of 10* to 10° years, and they are considered the
pacemaker of glacial-interglacial cycles (Imbrie et al.,
1984). During the last glacial maximum approxi-
mately 20,000 cal year BP, summer and winter insola-
tion were similar to their present values, but at 11,000
cal year BP summer insolation was 8% higher and
winter insolation was 8% lower than at present at 45°N
latitude. This increased seasonality led to increased
summer temperatures and decreased effective moist-
ure (i.e., precipitation minus evapotranspiration), and
indirectly influenced the strength of the northeast
Pacific subtropical high-pressure system and summer
monsoons (Thompson et al., 1993; Whitlock and
Bartlein, 1993). The fact that many types of paleoen-
vironmental records from the western US register a
response to variations in insolation on orbital time
scales attests to the importance of insolation variations
in shaping regional climate and vegetation conditions
during the late-glacial and Holocene periods.

The post-glacial vegetation history of the western
US is described in several recent reviews (Baker,
1983; Adam, 1985; Mehringer, 1985; Barnosky
et al., 1987; Anderson, 1990; Whitlock, 1992, 1993;
Thompson et al., 1993; Fall et al., 1995). The late-
glacial period was a time of biotic reorganization in
the northwestern US as the influence of large ice
sheets on climate was waning and summer insolation
was increasing (Whitlock, 1992). Plant taxa colonized
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regions vacated by glaciers, creating new pioneer
communities. Regions outside the glacial limits were
also undergoing rapid change, and in many areas the
vegetation combined present-day subalpine and low-
land taxa in assemblages that have no modern counter-
part (e.g., Whitlock, 1992, 1993). As climate
continued to warm, species distributions became
arranged along gradients of latitude and elevation.

The seasonal cycle of insolation was greatest in the
early Holocene and led to warmer summers and
probably colder winters than at present throughout
the region. The northeastern Pacific subtropical high-
pressure system was stronger, and consequently the
Pacific Northwest and much of the northern Rocky
Mountains that are summer-dry (i.e., that receive most
of their annual precipitation in winter) were even drier
in summer in the early Holocene (Whitlock and
Bartlein, 1993). Greater summer drought in the early
Holocene is evidenced by the expansion of xerophytic
communities, higher alpine treeline, and lower lake
levels and stream activity. The summer monsoon of
the southwestern US and parts of the Rocky Moun-
tains also intensified in the early Holocene, and areas
that today are summer-wet (i.e., that receive most of
their annual precipitation in summer) were even wetter
then, as indicated by the expansion of mesophytic
plant taxa in those regions (Thompson et al., 1993;
Whitlock and Bartlein, 1993).

Summer insolation decreased and winter insolation
increased to present-day levels in the last 7000 years,
and this attenuation of the seasonal cycle of insolation
eventually led to the establishment of the modern
vegetation, climate, and fire regimes. Cooler and
effectively wetter conditions than before were estab-
lished in the Pacific Northwest and Rocky Mountains
between 5000 and 3000 cal year BP, as evidenced by
increased mesophytic vegetation and downslope shifts
in alpine treeline. Summer-wet regions record a
decrease in summer precipitation in the middle and
late Holocene as a result of reduced summer onshore
flow of moisture. This drying led to the establishment
of more-open xerophytic communities than before
(Thompson et al., 1993).

Superimposed on climate changes driven by orbital
variations are short-term variations in climate, such as
the Medieval Warm Period (ca. 900-600 cal year BP;
Gates, 1993) and the Little Ice Age (ca. 550-150 cal
year BP; Gates, 1993). The cause of these variations is

not known, but changes in solar output and volcanic
activity have been suggested (e.g., Crowley, 2000;
Bond et al., 2001). Tree-ring and lake-sediment
records in the Sierra Nevada (Stine, 1994; Hughes
and Graumlich, 1996), for example, show evidence of
drought during the Medieval Warm Period, and on
many mountain ranges treeline lay above present
levels (Leavitt, 1994). Cooler temperatures and
expanded glacial activity are associated with the Little
Ice Age in the northern Rocky Mountains and the
Pacific Northwest (Davis, 1988), and this period
seems to be the coldest of a series of cool oscillations
in the late Holocene (e.g., Luckman, 1994).

4.2. Long-term fire responses

A network of lake-sediment records provides a
picture of changing fire activity in different parts of
the northwestern US through the Holocene (Fig. 1).
Various approaches have been used to reconstruct fire
frequency (e.g., see Mehringer et al., 1977; Cwynar,
1987; Mehringer, 1985; Fall, 1997), but we explicitly
consider sites where macroscopic charcoal was exam-
ined in contiguous samples. As noted above, such
studies constrain the source of the fire and are cali-
brated based on a comparison with dendrochronolo-
gical and historical records. Also, by distinguishing
charcoal peaks from the slowly varying background
trend, it is possible to examine changes in the fre-
quency of fire episodes through time.

The records suggest that fire frequency (i.e., the
return interval between fires) has changed continu-
ously and no long-term stationarity is evident in the
fire frequency record (Fig. 2). There are also distinct
features in the spacing of fire episodes within regions
that suggest spatial coherency in the disturbance
regimes. Charcoal records from the summer-dry Kla-
math Mountains of northern California, for example,
indicate that fires were frequent throughout the Holo-
cene with little long-term trend in the data. Two sites
from the Klamath region, Bluff and Crater lakes,
suggest periods of frequent fire, such as at ca. 4000
and 1000 cal year BP. These periods may have been
times of pronounced drought in northern California
(Mohr et al., 2000). In contrast to the fire records, the
pollen records from these sites record a large response
to insolation-driven climate changes, and little change
in association with the short-term variations in climate.
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Fig. 1. Location of fire-history studies referred to in Fig. 2: Cedar Lake, CA (Whitlock et al., unpublished data); Bluff Lake and Crater Lake,
CA (Mohr et al., 2000); Taylor Lake, OR (Long and Whitlock, 2002); Little Lake, OR (Long et al., 1998); Cygnet Lake, WY (Millspaugh
et al., 2000); Trail Lake, WY (Whitlock, unpublished data); Slough Creek Lake, WY (Millspaugh and Whitlock, in press); Pintlar Lake, MT

(Brunelle-Daines, 2002).

For example, an expansion of xerophytic taxa, most
notably Quercus spp., is consistent with warmer drier
conditions in the early Holocene, but no change in fire
frequency is registered on this time scale (Mohr et al.,
2000). In contrast, pollen data were not sensitive
enough to detect vegetation changes on millennial
and shorter time scales in this area, when the region
has experienced elevated fire activity.

Data from the summer-dry Oregon Coast Range
show high fire activity in the early Holocene and a
trend towards fewer fires in the late Holocene (Long
et al., 1998; Long and Whitlock, 2002). Fire-sensitive
species, such as Douglas-fir, red alder (Alnus rubra),
Oregon white oak (Quercus garryana), and bracken
(Pteridium spp.), are well represented in the early
Holocene interval. The decrease in fire activity corre-
lates well with an expansion of mesophytic rainforest
taxa, such as Sitka spruce (Picea sitchensis) and
western hemlock (Tsuga heterophylla), and provides

supporting evidence of cooling and increased moisture
in the last few millennia.

Charcoal records from the summer-dry region of
southern Yellowstone National Park also indicate
increased fire activity associated with warmer and
drier conditions in the early Holocene (Millspaugh
et al,, 2000). Two sites, Cygnet and Trail lakes,
register this fire response, and it occurs even where
the vegetation has been relatively unresponsive to
Holocene climate changes. At Cygnet Lake, for exam-
ple, infertile, well-drained soils have maintained lod-
gepole pine forests over the last 11,000 years
(Whitlock, 1993). In contrast, Trail Lake on andesitic
terrain records an expansion of Douglas-fir and lodge-
pole pine in the early Holocene followed by increased
spruce, fir, and whitebark pine in the late Holocene. At
Cygnet Lake, the fire frequency was low prior to
11,000 cal year BP during an initial tundra-open
meadow period. With the arrival of lodgepole pine,
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Fig. 2. Comparison of Holocene fire reconstructions from sites in different geographic and climatic locations in the western US (see Fig. 1 for
site locations). The horizontal lines at each site represent past fire episodes, i.e., based on the age of peaks in the charcoal record obtained from
radiocarbon-dated sediment cores (see Whitlock and Larsen, 2002). These peaks represent one or more fires occurring in a decade. The curves
depict fire frequency, which is the number of fire episodes per 1000 years averaged over a moving window. Summer dry and summer wet refer
to two different precipitation regimes evident in the western US (see text for discussion).

fire frequency increased and reached a maximum of
10-15 fires per 1000 years at 10,000-9000 cal year BP.
In the last 7000 cal year BP the fire frequency declined
to a modern return interval of 2-3 fires per 1000 years
in the last two millennia, but lodgepole pine remained
the dominant forest species at this site. This record
shows that fire variations respond directly to climate
even in areas where the vegetation is fairly unrespon-
sive. Trail Lake indicates a decline in fire frequency
from the early Holocene period, with an increase ca.
1000 cal years ago.

Records from summer-wet areas of the Rocky
Mountains provide additional evidence of the strong

link between climate and fire conditions. These loca-
tions are areas that were influenced by increased
summer precipitation in the early Holocene and have
become progressively drier since then. Slough Creek
Lake in northwestern Wyoming and Pintlar Lake in
southwestern Montana register this response in their
pollen and charcoal records (Brunelle-Daines, 2002;
Millspaugh and Whitlock, in press). Both sites have
fire frequencies that were low in the early Holocene
and became progressively more frequent in the late
Holocene. At Slough Creek Lake, this increase in fire
activity is associated with the expansion of Douglas-fir
parkland at low elevations, replacing pine forest.
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At Pintlar Lake, lodgepole pine forest replaced mixed-
conifer forest.

Millspaugh and Whitlock (in press) compare the
Slough Creek Lake and Cygnet Lake records on
shorter time intervals and show that, while the fire
histories in summer-wet and summer-dry regions were
out of phase on orbital time scales, they were occa-
sionally synchronized on short time scales. For exam-
ple, fire episodes at these sites are registered at ca.
1000, 2000, and 4000 cal year BP, and these particular
events are associated with fire-related debris flow
activity in northeastern Yellowstone National Park
(Meyer et al., 1995). This synchronization of fires
in the late Holocene may have been enhanced by the
effect of decreasing summer insolation on atmo-
spheric circulation and precipitation regimes. The
climate of summer-wet and summer-dry regions
became more similar in the late Holocene, as sum-
mer-dry areas became wetter and summer-wet areas
became drier. During this period, the large-scale con-
trols that cause different fire regimes on orbital time
scales were overridden by widespread droughts and
fires on shorter time scales. For example, fires have
occurred in both summer-wet and summer-dry areas in
recent years in the face of dry conditions.

5. Potential future fire conditions in the
northwestern US

5.1. Fire regimes and climate change

The relationships among climate, vegetation, and
fire regimes expressed in the paleoecological record,
combined with model simulations of past, present, and
potential future environmental changes, can help us
understand how fire regimes may change in the future
in the northwestern US. Projecting potential future fire
regimes requires accurately simulating a myriad of
complex ecological, physical, and human interactions,
a task that is not yet possible. We can, however,
examine the magnitude and direction of simulated
changes in the physical and biotic environment and
infer their potential impacts on fire regimes. This
information, combined with an appreciation of the
historical range of variability in fire occurrence, can
help develop appropriate management strategies for
the region.

Although there is still uncertainty in model simula-
tions of future climate conditions, it is increasingly
evident that human activities are contributing to cli-
mate changes that will significantly affect future fire
regimes (IPCC, 2001). A recent study by Giorgi et al.
(2001) compared the regional results of transient
climate simulations from nine AOGCMs for the time
period ap. 2071-2100. Each AOGCM was run using
two different greenhouse gas emission scenarios, with
each scenario assuming different rates of increase in
greenhouse gases (see Giorgi et al., 2001; IPCC, 2001
for descriptions of the emission scenarios). All of the
AOGCMs simulated global warming with mean
annual temperature increases ranging from approxi-
mately 0.9 to 4.5 °C among the models (Giorgi et al.,
2001). Of particular significance is the general agree-
ment of the AOGCM results—at least seven of the
AOGCMs under each of the emission scenarios simu-
lated warming in summer and winter for the north-
western US that was greater than the simulated global
average annual warming. As Giorgi et al. (2001) note,
the agreement of the model simulations under two
different emission scenarios increases the confidence
that can be ascribed to the simulations of regional
warming. Although potential changes in precipitation
are more difficult to simulate than those in tempera-
ture, at least seven of the AOGCM simulations for A.D.
2071-2100 also indicated slight increases in winter
precipitation for the northwestern US. There was less
agreement among the AOGCMs as to whether summer
precipitation would increase or decrease in the region
(Giorgi et al., 2001).

There are many ways in which these potential
future climate changes could affect fire regimes.
Significant increases in summer temperatures in the
northwestern US without an accompanying increase in
precipitation could increase summer drought stress on
vegetation. If the drought stress was severe enough it
could create vegetation conditions conducive to
increased fire activity. Even if summer precipitation
in the region increased significantly, greater evapo-
transpiration as a result of higher temperatures could
still lead to increased drought stress. If drought stres-
ses were large enough, they could affect riparian
vegetation, which is often buffered from drought
effects, particularly along perennial streams. Changes
in temperature and the timing of precipitation would
also affect fuel moisture levels, with drier fuels
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increasing the potential for fires (Miller and Urban,
1999).

Increased temperatures could also result in an ear-
lier and longer fire season (Flannigan et al., 2000;
Gitay et al., 2001). Flannigan et al. (2000) evaluated
simulations by two AOGCMs for 2060 using scenarios
that assumed an approximate doubling of atmospheric
CO, concentrations. They concluded that both
AOGCMs simulated an increase in fire activity for
the northwestern US based on an increase in the
seasonal fire-severity rating index, which they defined
as “a seasonal mean of the daily estimate of the
control difficulty of a potential fire” (Flannigan
et al.,, 2000, p. 222). Potential future changes in
climate could also affect the frequency of natural
ignition sources such as lightning. Although it is
difficult to extrapolate from long-term climate
changes simulated by AOGCM:s to relatively short-
term weather phenomena, such as thunderstorms,
simulations of future climate change indicate a poten-
tial increase in atmospheric conditions that promote
lightning-caused fires (e.g., Price and Rind, 1994).

As one measure of the potential impacts of future
climate change on fire regimes in the northwestern US,
we used a simple water-balance model to simulate

potential changes in summer soil moisture for A.D.
2050-2059. We also simulated summer soil moisture
for 6000 cal year BP, a time period when many
paleoecological records from the northwestern US
register increased fire frequencies. Soil moisture is
an important control on vegetation, and it integrates
changes in temperature, precipitation, and evapotran-
spiration, providing a measure of potential drought
stress. The simulations for 6000 cal year BP and a.p.
2050-2059 show similar patterns of soil moisture,
particularly in the mountains of the northwestern
US (Fig. 3). For 6000 cal year BP, the paleoecological
record indicates that increased summer insolation
resulted in higher-than-present summer temperatures,
heightened drought, and drier soils and fuels. In turn,
these changes led to fire frequencies that were greater
than current levels in summer-dry regions. The simu-
lated soil moisture anomalies for 6000 cal year BP
(Fig. 3) are in agreement with the paleoecological
record and indicate that much of the northwestern US
had drier-than-present summer soil moisture at this
time. Drier-than-present soils are also simulated for
AD. 2050-2059 as a result of simulated increases in
summer temperatures and evapotranspiration, and, in
some areas of the northwestern US, earlier snowmelt.

Soil Moisture Anomalies (July-September)

6000 cal yr BP minus AD 1951-1980

-80 -40 -20 -10 O

AD 2050-2059 minus AD 1951-1980

+1.0 +2.0 +4.0 +8.0 +16.0 mm

[ [ I R R

Fig. 3. Mean summer (July—September) soil moisture anomalies (mm) for 6000 cal year BP (left) and A.p. 2050-2059 (10-year mean) (right)
compared to present (A.D. 1951-1980, 30-year mean) in the northwestern US. The Olympic Mountains, Cascade Range, and Rocky Mountains
display similar patterns of negative summer soil moisture anomalies for both time periods, indicating slightly drier soils in summer in these
regions as compared with present conditions. Climate data: Ap. 1951-1980 (Thompson et al., 1999); 6000 cal year BP, CCM3 (Bonan, 1996);
AD. 2050-2059, HADCM2 HCGSa (Mitchell and Johns, 1997). Soil data: CONUS-Soil (Miller and White, 1998).
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There are also large areas of the interior northwestern
US for which small increases in soil moisture are
simulated as a result of simulated increases in summer
precipitation.

The similar patterns of simulated summer soil
moisture anomalies for 6000 cal year BP and AD.
2050-2059 suggest that future climate changes could
create soil moisture conditions similar to those that
occurred during times in the Holocene when fire
frequencies were higher. That the simulated patterns
of soil moisture for the two time periods are similar
does not mean that the response of the fire regime
would be same in the future as at 6000 cal year BP,
since other factors, including vegetation, affect fire
regimes. However, by continuing to compare paleoe-
cological data with model simulations of soil moisture
and other variables, we can improve our understanding
of both how and why interactions among climate,
vegetation, and fire regimes have varied in the past,
which in turn provides important information as to
how these interactions may vary in the future.

5.2. Fire regimes and vegetation change

Future vegetation changes in the northwestern US
will also affect fire regimes. Vegetation change can
occur as a result of changes in climate, interactions
among native and introduced species, and human
activities, such as land use. Future changes in tem-
perature and in the magnitude and frequency of pre-
cipitation events will have significant impacts on
biotic communities in the northwestern US. Changes
in seasonality will be particularly important. For
example, warmer temperatures, if combined with
increases in precipitation, could increase plant pro-
ductivity in certain regions, providing more fuel dur-
ing the fire season (Gitay et al., 2001). In addition to
responding to future changes in temperature and pre-
cipitation, plants are also directly affected by increases
in atmospheric concentrations of CO,, which increase
the drought tolerance of some plant species by
improving their water-use efficiency (Mooney et al.,
1999; Simberloff, 2000). Vegetation models that
incorporate anticipated increases in atmospheric
CO, concentrations simulate an expansion of woody
vegetation (e.g., Shafer, 2000), particularly in arid
regions, that could potentially increase fuel biomass
and fuel connectivity in these areas.

The paleoecological record indicates that plant taxa
respond individualistically to climate change (Davis,
1981; Huntley, 1995; Webb, 1995) and this response is
also observed in the modern record (e.g., Fitter and
Fitter, 2002). As climate changes, the ranges of some
plant species will expand and others will contract,
altering the species composition of communities (Sha-
fer et al., 2001). The potentially disparate response of
species to changes in climate and atmospheric CO,
concentrations will alter competitive interactions and
affect the geographic distribution of fire-tolerant and
fire-intolerant species. In turn, the changing mosaic of
species on the landscape will alter the frequency and
extent of future fires. In model simulations, Miller and
Urban (1999) found that species composition also
significantly affected fuel-bed bulk density, which
in turn affects fire regimes.

Interactions of plant species with non-plant taxa will
also affect fire regimes. For example, increases in
potential winter temperatures will allow some insect
species to significantly expand their ranges, while
increased summer temperatures will increase the pro-
ductivity of some species (Ayres and Lombardero,
2000). Potential increases in the frequency and magni-
tude of droughts could increase stress on trees making
them more vulnerable to insect attack, and damage from
insect outbreaks would leave stands more vulnerable to
fire (Knight, 1987). The fire-insect outbreak feedback is
one of the many climate—vegetation—fire interactions
that will likely be more evident in the future.

Human activities, including the introduction of non-
native invasive species, and land use changes, such as
logging and habitat fragmentation, will affect the
vulnerability of forest communities to climate change.
Human introductions of certain non-native invasive
species, such as cheatgrass (Bromus tectorum), have
already altered fire regimes in portions of the north-
western US, and these plants are continuing to spread
(Mack, 1981). The invasion of cheatgrass in inter-
mountain regions of the western US has created a
continuous cover of fine fuels in some areas that were
formerly covered by patchy bunchgrasses, allowing
fires to spread more easily (West and Young, 2000).
Fires also create opportunities for invasive species to
establish (D’ Antonio, 2000).

The paleoecological record and future vegetation
simulations suggest that certain plant species are rela-
tively resistant to climate changes, while others respond
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to climate change with major geographic readjust-
ments. Lodgepole pine, for example, may be relatively
resistant to projected changes in climate and fire fre-
quency just as it has shown little response to warming in
the past (Whitlock, 1993; Bartlein et al., 1997). With
increasing fire activity in the future, the structure of
lodgepole pine forests may shift to younger age classes
and a finer-grained mosaic (Romme and Turner, 1991),
but the forest dominant could remain the same. In
contrast, Douglas-fir, which did well during periods
of warmer-than-present summer conditions and higher
fire frequencies in the past, may be especially vulner-
able to projected climate changes that include warm
winters. Warmer winter temperatures could reduce the
competitiveness of its seedlings by not providing a
sufficient period of winter cold temperatures to meet
the chilling requirement of this species (McCreary et al.,
1990; Kirschbaum et al., 1996). Moreover, Douglas-fir
persisted during times of increased fire occurrence, but
model projections suggest that it will decline if fre-
quencies exceed 1 fire per 20 years (Keane et al., 1990).

Pseudotsuga menziesii (AD

The simulated distribution of Douglas-fir for AD.
2090-2099 (Fig. 4) illustrates the potential spatial
complexity of the vegetation response. The response
surface model used in this simulation identifies areas in
the northwestern US where potential future bioclimatic
conditions are similar to those currently occupied by
Douglas-fir, as well as areas where future bioclimatic
conditions are sufficiently different from current con-
ditions that they may no longer be suitable for the
species. The model results indicate a potential reduction
in suitable bioclimatic conditions for Douglas-fir along
the Pacific slope and western margins of its range, with
potential new areas of suitable bioclimatic conditions
along the eastern margins of its range. There are a
number of caveats that accompany this model simula-
tion, including the recognition that there are many
processes that will affect the response of Douglas-fir
to future climate change that are not simulated by the
response surface model. These processes include the
response of the species to changing atmospheric CO,
concentrations, interactions with other species, and the

2090-2099)

[ No Change [l Contraction Extension

Fig. 4. Potential future distribution of P. menziesii (Douglas-fir) in the northwestern US, simulated using climate scenarios for A.p. 2090-2099
(10-year mean) generated by the HADCM2 AOGCM (Mitchell and Johns, 1997). “No change” indicates where P. menziesii is observed at
present and is simulated to occur under future climate conditions; “contraction” indicates where P. menziesii is observed at present but is
simulated to be absent under future climate conditions; and “extension” indicates where P. menziesii is not observed at present but is
simulated to occur under future climate conditions. Climate data: A.p. 2090-2099 HADCM?2 HCGSa (Mitchell and Johns, 1997). See Shafer
et al. (2001) for methods and additional species. Modified from Shafer et al. (2001).
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effects of changes in disturbance regimes, such as fire
(Shafer et al., 2001). Thus, the response surface model
results are not predictions of range changes at any
particular location on the ground. Rather, the results
suggest that bioclimatic conditions over large areas of
its current range may become unsuitable as a result of
projected climate changes. Future fires in these areas
could initiate the conversion of Douglas-fir forests to
those dominated by different species if future biocli-
matic conditions limit the establishment and viability of
Douglas-fir seedlings.

Finally, a critical point to remember in assessing the
potential future impacts of climate change on fire
regimes and vegetation is that climate change is tran-
sient—as global warming continues to increase the
interactions among climate, vegetation and fire regimes
will also change. Increased winter precipitation, for
example, is simulated to increase snowpack in the
Yellowstone region of the northwestern US for AD.
2050-2059. As winter temperatures continue to warm,
however, a point will be reached where less precipitation
will occur as snow, and snowpack will begin to decrease.
These changes will affect the timing and quantity of
snowmelt, which in turn will affect soil moisture,
streamflow, and upland and riparian vegetation in certain
areas. The transient nature of climate change greatly
increases the difficulty for managers of developing
appropriate responses to future climate change.

6. Relevance to ecosystem management

An understanding of climate, vegetation, and fire
interactions in the past provides important perspec-
tives for management efforts promoting future sus-
tainability of forests and riparian ecosystems. First, the
paleoecological record from the northwestern US
shows that fire frequency has continually changed
during the Holocene in response to climate change.
Periods of intense drought in the past featured more
fires and fire-adapted vegetation, and wet conditions
were associated with fewer fire events and the estab-
lishment of more fire-sensitive forests. The timing of
drought and high fire activity has varied from region to
region, reflecting the spatial heterogeneity of the
seasonal patterns of precipitation at any particular
time (Mock, 1996). Of importance for ecosystem
management is the lack of a fire cycle or recurrent

fire interval at centennial and millennial time scales
based on charcoal data. Likewise, tree-ring studies in
the Pacific Northwest and northern Rocky Mountains
show considerable temporal variability in fire occur-
rence on decadal time scales (Heyerdahl et al., 1998;
Weisberg and Swanson, 2003).

The variability recorded in the fire-history record is
important because it contradicts the notion of a static
fire return interval that is often referred to in ecosys-
tem management plans. Although mean fire interval
may be a useful concept for management planning in
certain instances, such as in defining an envelope of
natural variability (Swetnam et al., 1999), this concept
should be used cautiously. The fire activity of the last
few centuries in many areas of the western US is not
typical of the longer record. Overcoming the effects of
fire suppression in recent decades is a worthy goal, but
it is important to remember that even our best efforts
cannot reproduce pre-Euro-American settlement fire
regimes. The climate, vegetation, and fire conditions
that existed then do not exist today and are not likely to
exist in the near future. Although the past does not
provide a perfect analog for the future, knowledge of
previous fire regimes, combined with our understand-
ing of modern fire—climate relations, can help us
anticipate future changes in fire regimes. For example,
projections of increased summer drought suggest that
fire frequency or fire severity could increase in most
western US forests (see also Meyer and Pierce, 2003).

Second, northwestern US forests, including riparian
forest communities, are relatively young. Present
communities have formed only in the last few millen-
nia as the region’s climate became cooler and wetter
(Whitlock, 1992). Old-growth riparian communities
may have established during a cooler wetter period of
generally low fire activity during the Little Ice Age or
following particularly widespread fires in the late
1500s (Weisberg and Swanson, 2003). Thus, the for-
ests that greeted early Euro-American settlers to the
region would be difficult to recreate under present
climate and fire conditions.

Third, the individualistic behavior of the region’s
dominant tree species has led to range contractions
and expansions as well as entire shifts in species
distributions. Given the magnitude of projected cli-
mate changes, individualistic responses of species
may be more pronounced in the future. The paleoe-
cological record reveals that shifts in fire regimes have
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sometimes been the catalyst of rapid vegetation
changes in the past, and it is likely that disturbance
will influence how vegetation adjust to future climate
changes. Certain species have persisted in the past
under higher fire frequencies than they experience
today, and these species may be able to compete
favorably if fire frequencies increase in the future.

Fourth, different sources of fire-history data help us
to evaluate fire—vegetation—climate relationships on
multiple time scales and across landscapes. Fire recon-
structions based on lake-sediment records, dendro-
chronological data, and documentary evidence help
disclose the temporal and spatial variability of fire in
ecosystems. For example, in low-elevation forests that
experienced frequent fires in recent times, the effects
of fire suppression and other management practices
are well recorded in tree-ring data (e.g., Hessburg and
Agee, 2003). Charcoal records from such forests
(although currently not available) would disclose
the frequency of stand-replacing events that are lethal
to the trees, information that the tree-ring record is
unable to provide. In montane and subalpine forests,
current fire regimes include mixed- to high-severity
infrequent fires. Dendrochronological data poorly
reconstruct the frequency of such events, whereas
the charcoal data provide information on stand-repla-
cing fires spanning several millennia.

Fifth, an understanding of the spatial heterogeneity
of precipitation regimes in the northwestern US in the
past offers another tool for forward-looking ecosystem
management. Future fire conditions in summer-dry
regions may be best described by an examination of
the early Holocene, when drier-than-present summers
resemble those of future projections. In summer-wet
sites, the last few millennia are the time of highest fire
occurrence and may be the best analog for the future
(although this assertion is based on very few records and
needs further testing). Future trade-offs in the spatial
distribution of precipitation will particularly alter ripar-
ian ecosystems by affecting the timing and magnitude
of discharge, including snowmelt and storm events; the
frequency and severity of fire on riparian communities;
and the potential for invasion by non-native species
(Dunham et al., 2003). Our ability to describe the spatial
extent and character of future conditions will continue
to improve as climate and vegetation models increase in
resolution and complexity, and disturbance regimes are
more explicitly addressed.

Finally, an important challenge is to incorporate the
complexity of climate—vegetation—fire relationships
into a conceptual framework of fire management. In
protecting areas of special concern, such as riparian
buffers, we must recognize the dynamic nature of
ecosystems in the past and the complexity of potential
future responses. Fire management activities that alter
the fire regime directly or indirectly may collide with
future vegetation and climate changes that are not
under management control. These interactions have
the potential to produce unexpected and undesirable
consequences.

Thus, ecosystem planning and management must be
adaptive enough to incorporate flexibility in the face of
environmental change. Adaptive management requires
clearly defined goals predicated on information gained
from research that is scientifically sound, comprehen-
sive, and multidisciplinary (National Research Coun-
cil, 2002). Long-term monitoring is necessary to
determine the successes and consequences of manage-
ment decisions in the light of the complex ecological
responses that are likely in the future. The different
configurations of climate, hydrology, vegetation, and
fire in the paleoecological record provide an important
tool for delineating the magnitude of possible future
responses of fire regimes to climate and vegetation
changes, and help to identify those variables that should
be part of future ecosystem monitoring efforts.
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