Chapter 8

Deciphering the Complexity of Historical Fire
Regimes: Diversity Among Forests of Western
North America
Lori D. Daniels, Larissa L. Yocom Kent, Rosemary L. Sherriff,
and Emily K. Heyerdahl

Abstract Wildfire is a key disturbance agent in forests worldwide, but recent
large and costly fires have raised urgent questions about how different current fire
regimes are from those of the past. Dendroecological reconstructions of historical
fire frequency, severity, spatial variability, and extent, corroborated by other lines
of evidence, are essential in addressing these questions. Existing methods can
infer the severity of individual fires and stand-level fire regimes. However, novel
research designs combining evidence of stand-level fire severity with fire extent are
now being used to reconstruct spatial variability in historical fire regimes and to
quantify the relative abundance of fire severity classes across landscapes, thereby
facilitating comparison with modern fire regimes. Here we review how these new
approaches build on traditional analyses of fire scars and forest age structures
by presenting four case studies from the western United States and Canada.
Collectively they demonstrate the importance of ecosystem-specific research that
can guide management aiming to safeguard human, cultural and biological values
in fire-prone forests and enhance forest resilience to the cumulative effects of global
environmental change. Dendroecological reconstructions, combined with multiple
lines of corroborating evidence, are key for achieving this goal.
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8.1 Introduction
Wildfire is a key agent of ecological disturbance in forests worldwide (Bowman
et al. 2009). In western North America, fire drives vegetation dynamics, underlies
many ecological patterns, and explains ecosystem heterogeneity at a range of
spatio-temporal scales (Turner 2010). Subtle changes to fire regimes in western
forests can have major impacts on forest composition, structure, biodiversity and
productivity (Turner 2010). Changes to fire frequency and severity driven by land
use and fire suppression, exacerbated by climate change, have the potential to
exceed the historical range of variation of environmental conditions in which species
evolved and ecosystems have functioned (Landres et al. 1999; Swetnam et al.
1999). Thus, understanding historical fire regimes and their drivers can help identify
vulnerable ecosystems in which active management can enhance forest resilience to
the cumulative impacts of environmental change (Stephens et al. 2013). Equally
important, ecosystem-specific knowledge can identify forests in which fire regimes
have not departed from the historical range of variation, and where management
investments are not needed or may compromise ecosystem function or services
(Schoennagel and Nelson 2011; Stephens and Fulé 2005; Odion et al. 2014).
Dendroecological research has been instrumental for reconstructing historical
fire regimes and quantifying their key attributes. A fire regime is the pattern
of the temporal (seasonality, frequency and predictability) and spatial (location,
extent and spatial complexity) occurrences of fire, the magnitude (type, intensity
and severity) of fire effects, and interactions of fire with other disturbance agents
(Agee 1993; Turner 2010). Describing fire regime attributes requires accurate
documentation of individual fires. To extend modern fire records back decades or
centuries, reconstructions of past fires can be achieved by dendroecological analyses
corroborated by multiple lines of evidence (Swetnam et al. 1999). This research
framework has facilitated significant advances in our understanding of fire regimes
over recent decades, shifting the focus from fire frequency to more nuanced analyses
of fire severity, extent and spatial complexity.
In this review, we show how contemporary research focused on mixed-severity
fire regimes builds on traditional analyses of fire scars and forest age structures.
Novel research designs facilitating analyses across spatial scales and analytical
methods for quantifying fire severity and spatial variability allow more nuanced
characterization of the spatio-temporal variation in fire regimes. We present four
case studies illustrating a variety of research approaches and the complexity of
historical fire regimes across forest types in the western United States and Canada.
Collectively, they demonstrate the importance of ecosystem-specific research to
guide management that aims to safeguard human, cultural and biological values
in fire-prone forests and enhance forest resilience to the cumulative effects of global
environmental change.
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8.2 Fire Regime Reconstructions
Traditionally, fire history research focused on two contrasting fire regime types
simplified as high- versus low-frequency. The research methods, including dendrochronological evidence, used to reconstruct fire frequency of these contrasting
regimes reflect the differences in impacts and physical evidence left by presumably
surface versus crown fires.

8.2.1 High-frequency, Low-severity Fire Regimes
High-frequency fire regimes are characterized by relatively low-severity surface
fires that burn at short intervals, causing low levels of canopy tree mortality (e.g.,
stand-maintaining fires; Schoennagel et al. 2004). Fire scars on individual live trees,
stumps, snags or logs provide point-specific, direct evidence of low-severity fire that
damages, but does not kill the tree (Swetnam and Baisan 1996, Swetnam et al. 1999,
Yocom Kent 2014; Table 8.1; Fig. 8.1). Scars caused by fire are differentiated from
other disturbances (e.g. bark beetles, animals, tree falls or cultural modification by
humans) based on their triangular shape at the base of the tree and the presence
of charred bark, healing lobes or exposed wood on the face of the scar (McBride
1983; Smith and Sutherland 2001). When properly crossdated, scars provide the
exact year of fire occurrence and often season can be determined from the position
of the scar within an annual growth ring (Dieterich and Swetnam 1984; Caprio and
Swetnam 1995). The presence of resin ducts or micro rings provides secondary
dendroecological evidence to corroborate fire scar dates (Brown and Swetnam 1994;
Smith et al. 2016). Often large and presumably old trees with multiple scar lobes
are targeted to maximize the fire record (Swetnam and Baisan 1996; Swetnam et al.
1999). Fire-scar records from individual trees can include multiple fires over several
centuries, depending on the lifespan of the species, rates of wood decomposition,
and occurrence of subsequent fires that consume fire-scarred trees (Swetnam and
Baisan 1996; Swetnam et al. 1999).
At the site level, sampling multiple fire-scarred trees serves several purposes
(Swetnam and Baisan 1996, Swetnam et al. 1999; Fig. 8.1). Replicate samples
corroborate fire dates among trees and differentiate spreading fires that scar multiple
trees from small isolated fires that scar single trees, although not all burned trees
form a scar. Composite fire-scar records from multiple trees are used to calculate
site-level fire frequency metrics, such as mean, median, minimum and maximum
intervals and time since last fire. Because fire frequency metrics are sensitive to
number of samples and the area sampled (Falk et al. 2007), consistency among
sites reduces potential bias (Amoroso et al. 2011). Alternately, many fire history
studies report fire intervals for the subset of years in which fires scarred at least
two trees or at least 10% or 25% of recorder trees (Swetnam and Baisan 1996).
Trees are considered recorders after an initial scar exposes the cambium and
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Table 8.1 Comparison of fire scars and forest demography (tree age, growth and death data) for
reconstructing past fires and interpreting historical fire regimes
Criterion
Advantages

Fire scars
Crossdated samples precise to year
(and sometimes season) of fire;
most utility for reconstructing lowand mixed-severity fire regimes

Disadvantages

Time period limited by oldest wood;
older scars lost in subsequent fires;
limited to forest types where trees
form scars; not all fires scar trees;
research and sampling designs can
introduce bias; mean intervals vary
with sample size and area sampled
None at the point of a scarred tree;
uncertainty about fire extent
between scarred trees
Direct at point of a scarred tree;
indirect when inferring spread
between scarred trees

Amount of
uncertainty
Direct/indirect
evidence

Assumptions

Spatial
resolution

Multiple fire-scarred trees in a study
site in the same year are the result
of a spreading surface fire, not
individual fires at each tree
Decades to centuries depending on
species and forest types; limited by
loss in subsequent fires or decay
Individual tree to stand or landscape
depending on research design

Temporal
resolution

Precise to year of fire, sometimes to
season

Reconstruction
of fire regime
attributes

Direct evidence of fire type,
severity, seasonality and frequency;
indirect evidence of fire size

Length of
reconstruction

Forest demography
Most utility for reconstructing
mixed- and high-severity fire
regimes; corroborating evidence for
low-severity fires or confirming fire
as the agent of disturbance
Reconstructions are strongest for
the period following the last mixedor high-severity fire; older evidence
lost in subsequent fires; fire dates
not precise due to post-fire
regeneration lags; fine-scale fires
difficult to reconstruct
Causal agent and fire dates
uncertain unless accompanied by
fire scar
Direct for year of death of
fire-killed trees; indirect when
inferring fire from even-aged cohort
or growth releases
Even-aged cohorts, tree releases or
deaths caused by fire and not
another disturbance agent
Decades to centuries depending on
species and forest types; limited by
loss in subsequent fires or decay
Stand to landscape depending on
research design; small fires difficult
to detect
Precise for year of death of
fire-killed trees; not precise for tree
ages or post-fire cohorts unless
corroborated by a fire scar
Direct or indirect evidence of fire
type and severity; indirect evidence
of frequency and size; no evidence
of seasonality

Adapted from Yocom Kent 2014

increases susceptibility to subsequent fires (Romme 1980). The resulting “filtered”
fire interval statistics are relatively immune to changes in sample size or area in some
ecosystems (Van Horne and Fulé 2006; Farris et al. 2013), allowing comparison
among sites or studies with differing sampling designs (Kitzberger et al. 2007; Falk
et al. 2011), but not necessarily for all ecosystems or fire regime types (Stretch et al.
2016).
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Fig. 8.1 Examples of fire scar, tree growth and forest demography evidence used to reconstruct
fire history at tree, site and study area scales (Graphics by R.D. Chavardès)

8.2.2 Low-frequency, High-severity Fire Regimes
In contrast, low-frequency fire regimes are characterized by high-intensity crown
fires burning at long intervals causing high levels of tree mortality (e.g., highseverity or stand-replacing fires; Schoennagel et al. 2004). These fires result in
forest patches with relatively distinct boundaries that are distinguishable on air
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photographs and in the field. Forest polygons are mapped and sampled for forest
age, with the assumption that even-aged patches of forest were initiated by highseverity fire. Age sampling is often combined with analysis of fire scars formed
at polygon boundaries to refine these estimates to an annual level (Johnson and
Gutsell 1994; Sibold et al. 2006). Landscape-scale fire history is represented by a
stand-origin map (e.g., time since the last stand-replacing fire; Heinselman 1973)
or a time-since-fire map (e.g., time since last fire of any severity; Johnson and Van
Wagner 1985). Patch sizes and ages are summarized as cumulative time-since-fire
(survival) distributions from which the fire cycle, the number of years required to
burn an area equal to the study area, is calculated by fitting negative exponential or
Weibull models (Van Wagner 1978).
Even-aged cohorts that include the oldest trees in the stand indicate past highseverity disturbances that created openings large enough for many trees to establish
simultaneously (Heinselman 1973). Cohorts are indirect evidence of fire because
the ages assigned to trees in a cohort are less precise than crossdated fire scars
due to lags in tree establishment following disturbance, errors inherent to tree age
estimates, and the facilitation of tree establishment by disturbances other than fire or
during periods of suitable climate (Yocom Kent 2014; Table 8.1). The importance of
these considerations also varies by species composition and environment. Therefore,
tree age estimates need to be as accurate as possible (Table 8.2), sample sizes must

Table 8.2 Critical assessment of the accuracy of tree age estimates from increment cores
Attribute
Outer-ring date of
living trees

Outer-ring date of
dead trees
Inner-ring date

Pith date

Establishment
date

Source of error and dendroecological method to increase accuracy
Outer ring dates of living trees may not equal the year of sampling due to
competition, disturbance or environmental stress. Crossdating cores from
living trees verifies the calendar year of the outer ring (Cherubini
et al. 2002; Amoroso and Daniels 2010; Jones and Daniels 2012)
Outer ring dates of dead trees are unknown. Crossdating estimates the
outer ring date and year of death (Daniels et al. 1997); but, inaccuracies
may result from wood decay and erosion (Jones and Daniels 2012)
False or missing rings cause inaccurate calendar years to be assigned to
rings causing errors in estimated year of establishment and tree age
(outer-ring date—inner-ring date C1). Crossdating ensures an accurate
date is assigned to the inner ring when determining tree age (Fritts and
Swetnam 1989)
Cores may not intercept the pith, even after multiple cores are extracted
from a tree. The number of missing rings can be estimated from visual
assessments (Applequist 1958) or geometric measurements of curved
inner rings (Duncan 1989) or from the length of the core relative to the
average tree radius inside the bark at coring height (Norton et al. 1987)
Cores extracted above the root-shoot interface overestimate the
establishment date and underestimate age. Species-specific regressions of
age-on-height correct for the number of years to coring height (Villalba
and Veblen 1997; Wong and Lertzman 2001). Height growth rates may
vary with resource availability at the time of establishment, requiring
different corrections for trees with fast (wide rings) and slow (narrow
rings) initial growth
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be sufficient to detect cohorts, and corroborating evidence should support inferences
of past high-severity fires. Optimal sample sizes vary among forest types and age.
For example, sampling 10 of the largest trees in even-aged post-fire lodgepole pine
forests is likely to detect the oldest tree to estimate the fire year, but samples sizes
of 15 large trees are needed in uneven-aged mixed-conifer forests (Kipfmueller
and Baker 1998). Multiple lines of evidence differentiate post-fire cohorts from
those initiated by insects, pathogens, wind or periods of suitable climate (Ehle and
Baker 2003; Brown and Wu 2005; Sherriff and Veblen 2006). Dendroecological
evidence corroborating high-severity fire includes (Sibold et al. 2006; Margolis et al.
2007, 2011): (a) a cohort comprised of fire- and shade-intolerant, fast-growing trees
indicating establishment in open conditions, (b) fire scars on the boundary of evenaged stands concurrent with cohort initiation, (c) year of death of fire-killed trees
(e.g. small or thin-barked trees, trees with charred bark) immediately preceding the
cohort, although such evidence decays rapidly in many mesic forests, and (d) few
or no remnant trees older than the cohort.

8.2.3 Mixed-Severity Fire Regimes
It is now widely recognized that classifying fire regimes as either high- or lowfrequency oversimplifies the inherent variability in fires across a diversity of forests
(Perry et al. 2011). The term “mixed-severity fire regime” describes the complex
patterns and effects of heterogeneous fires across a range of spatial and temporal
scales (Agee 1998; Lertzman et al. 1998; Schoennagel et al. 2004). Variable
intensity within individual fires results in patches with low, moderate and high levels
of tree mortality (Agee 1993). Within a fire, thin-barked species, small regenerating
trees, and even large trees with thick bark are killed if exposed to torching, crowning
or surface fire for sufficient duration to damage the cambium. Post-fire cohorts
may colonize the resulting gaps, so forests are uneven-aged with multiple cohorts
and remnant trees that survive fire, some of which form single to multiple fire
scars. Successive fires at one location may burn with a range of severities resulting
in compositionally and structurally diverse stands with complex dynamics (e.g.,
Heyerdahl et al. 2012; Marcoux et al. 2015). At the landscape scale, fires burn with
a range of severities simultaneously and through time yielding heterogeneous patch
sizes, shapes and spatial patterns (Hessburg et al. 2007; Halofsky et al. 2011; Perry
et al. 2011).
Given the complexities of mixed-severity fire regimes, they are particularly
challenging to characterize and reconstruct. Unlike high- and low-severity regimes,
there is no a priori assumption about the impacts of individual fires. Instead,
physical evidence is required to infer the severity, as well as the timing, of each fire.
Scaling up from individual fires, the severity of successive fires at a site indicates fire
history through time and comparing multiple sites across a landscape characterizes
the historical fire regime. To simultaneously characterize the timing and severity of
individual fires and spatio-temporal variations among sites requires multiple types
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Table 8.3 Example criteria for classifying fire severity across spatio-temporal scales
Spatial scale

Temporal scale
(source)

Individual
fires

Contemporary
(Agee 1993)
Reconstructed
(Sherriff and
Veblen 2006)

Individual
sites

Reconstructed
through time
(Sherriff and
Veblen 2006)
Reconstructed
through time
(Heyerdahl et al.
2012)

Study area

Reconstructed
through time at
individual sites
(Marcoux et al.
2015)

Criteria for severity classes
Low
Moderate
20% basal area
21–70% basal
of live trees killed area of live trees
killed
80% of living
<80% of living
trees are remnants trees are
and <20%
remnants and
established
21– 80%
post-fire; fire
established
scar(s) present
post-fire
Low
Mixed
MFI  30 years;
MFI > 30 years;
trees with
low-, moderatemultiple fire scars; or high-severity
low-severity fires
fires through time
only
1 fire scar
1 fire scar
year(s); no
year(s) and 1
cohorts
cohort OR
post-fire cohort
with remnant
trees
81%
<80% low
low-severity and
severity and
<20% mixed- or
21–80% mixedhigh-severity
or high-severity

High
>70% basal area
of live trees killed
20% of living
trees are
remnants and
>80% established
post-fire
High
MFI >30 years;
moderate- or
high- severity
fires through time
no fire scars; 1
post-fire cohort;
no remnants

20%
low-severity and
81% mixed-or
high-severity

of dendroecological evidence. The methods typically used to reconstruct high- or
low-severity fires are best used in combination. In concert with fire scars, living and
dead trees are sampled to represent tree population age structures and to identify
cohorts, remnant survivors of past fires, and fire-killed trees (Ehle and Baker 2003;
Baker et al. 2007). Independent, corroborating evidence is also sought (Swetnam
et al. 1999; Baker et al. 2007).
Classifying the severity of historical fires has proven to be difficult in all
but the most homogeneous systems. The severity of contemporary fires is often
measured as the mortality rates of overstory trees (e.g. Agee 1993; Table 8.3).
When reconstructing fire history, pre-fire forest densities are unknown (Schoennagel
et al. 2011); therefore, severity is inferred from fire scars, forest demography and
other corroborating evidence. Sherriff and Veblen (2006) introduced a method
to classify the severity of individual fires as low, moderate or high based on
the proportion of remnant trees (e.g. trees that established before fire) and those
establishing in the 40 years after fire (Table 8.3; Case Study 1). Of these two
metrics, remnant trees provide a more direct measure of fire severity than post-fire
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establishment, as tree colonization rates vary (e.g. <20 to >40 years; Amoroso
et al. 2011, Chavardès and Daniels 2016) due to the availability of local seed
sources and dispersion rates, availability of suitable microsites and variation in
climate facilitating germination and survival (Sherriff and Veblen 2006). Both prefire remnant trees and post-fire tree establishment have uncertainties for evaluating
fire severity and are not a perfect complement, but when used in conjunction with
fire-scar dates, they represent a robust way to reconstruct historical fire severity
in montane forests. Other corroborating evidence includes the presence and spatial
distribution of fire scars, tree mortality synchronous with a fire date, and presence
of resin ducts, micro-rings and radial-growth suppressions or releases in remnant
trees (Brown and Swetnam 1994; Sherriff and Veblen 2006; Smith et al. 2016).
The classification of historical fire severity works best for recent fires (Yocom
Kent et al. 2015; Chavardès and Daniels 2016). Estimating the effect of fires
that burned prior to a moderate- or high-severity fire is less reliable because of
loss of evidence during subsequent fires, mortality and decay of older trees with
time (Sherriff and Veblen 2006). To overcome this limitation, Tepley and Veblen
(2015) recently introduced a metric to quantify variation in fire severity through
time. In their models, tree density through time is a function of the cumulative
number of fires that have burned at a site. The severity of an individual fire is a
relative measure of the change in tree density before and after the nth fire at the
site compared to landscape-level mean tree densities associated with the nth fire at
that site.
There is no standard definition for low-, mixed- or high-severity fire regimes and
different authors have classified them using different criteria. For example, at the
site level, Sherriff and Veblen (2006) classified the predominant fire regime based
on fire frequency, the severity class of individual fires and their cumulative effects
over time (Table 8.3; Case Study 1). Similarly, Heyerdahl et al. (2012) classified
site-level fire severity through time, but they did not attempt to classify individual
fires within the sites (Table 8.3; Case Studies 2 and 3). In their approach, all sitelevel evidence was assessed simultaneously. Fire scars and remnant trees indicated
past low- and moderate-severity fires. Post-fire cohorts indicated past moderate- and
high-severity fires. Cohorts were identified based on the proportion of sampled trees
within a defined establishment period (e.g., 25% of sampled trees established in a
30-year period) and were considered a post-fire cohort if trees were absent from the
age classes immediately preceding a cohort (e.g., a moderate- or high-severity fire
had killed young, small trees). Combinations of scars, remnant trees and cohorts
were used to classify sites as having a low-, mixed- or high-severity fire history
through time.
The relative abundance and distribution of forests with low-, mixed- or highseverity fire histories has emerged as a critical factor in determining if fire regimes
have been altered during the twentieth century. Networks of research sites are used
to reconstruct and classify fire regimes at landscape to regional scales (Falk et
al. 2011; Table 8.3; Case Studies 1 and 2). Stratifying study areas according to
biophysical attributes, then comparing fire regime attributes across strata is one way
to quantify spatial variability and test for drivers of that variation (Heyerdahl et al.
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2001; Taylor and Skinner 2003; Sherriff and Veblen 2007). Representative sampling
allows inferences to be extrapolated from the site-level data to the study area
(Sherriff et al. 2014; Marcoux et al. 2013, 2015). Current classification systems for
fire regimes lack quantitative criteria to differentiate low-, mixed- and high-severity
regimes (Brown et al. 2008; Perry et al. 2011); however, universal criteria may not
be ecologically meaningful or relevant for management on all landscapes. Since
fire regimes vary along a continuum rather than forming discrete classes, research
on the relative importance of fires of different severities may more effectively
guide spatial and temporal strategies to achieve management and conservation
goals.
Most research on historical low- and mixed-severity fire regimes has focused
on magnitude and temporal attributes, rather than spatial attributes. Combining
dendroecological evidence with spatial analysis has yielded new ways to reconstruct
severity within a fire and quantify the spatial extent of past fires. Research designs
that include sample plots distributed on a systematic grid are conducive to such
spatial analyses (Heyerdahl et al. 2001). Simulation modeling can also be used
to infer spatial attributes of fire (e.g., Brown et al. 2008, Case Study 3). Such
models can be corroborated by dendroecological evidence, lending confidence to
their use in extrapolating fire behavior across landscapes and into the future to infer
changes in fire regimes through time and to test the relative importance of fuels
and weather as drivers of fire severity (Heyerdahl et al. 2014). Another quantitative
approach for estimating spatial fire regime attributes is the spatial mean fire interval
method (Hessl et al. 2007; Kernan and Hessl 2010). This method uses the fire
evidence (e.g., fire-scar dates or tree ages representing stand-replacing fires; Yocom
Kent et al. 2015, Greene and Daniels 2017; Case Study 4) at individual sample
plots in a geographic information system (GIS) and inverse distance weighting to
interpolate between plots and estimate the boundaries and size of individual fires
(Hessl et al. 2007; Kernan and Hessl 2010; Swetnam et al. 2011). Similarities
between reconstructions of fire extent and corresponding documentary fire records
demonstrates the efficacy of this approach (Farris et al. 2010). The spatial extent
of multiple fires through time is composited in a spatial mean fire interval map, to
estimate point-specific fire frequencies and landscape-level fire rotation (Kernan and
Hessl 2010). These maps enable qualitative and quantitative analysis of relationships
between fire and topography (Kernan and Hessl 2010; O’Connor et al. 2014).

8.3 Mixed-Severity Fire Regimes Reconstructed Using
Dendroecology
Below, we present four case studies from across the western United States and
Canada to illustrate how dendroecological evidence is used to decipher the complexity of historical fire regimes (Fig. 8.2). We focus on mixed-severity fire in these
case studies because it requires the use of various methods and multiple lines of
evidence to reconstruct fire regimes. The first two case studies show how detailed
reconstructions of past fire frequency and severity at representative sites can be used
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Fig. 8.2 Four case studies on mixed-severity fire regimes represent research in the Canadian
Cordillera, central Oregon, Colorado Front Range and Grand Canyon in Arizona (Graphics by
D. Snow and R.D. Chavardès)

to illustrate landscape-scale variation in fire regimes. The latter two case studies
demonstrate a suite of methods to quantify spatio-temporal variation in fire severity
within a landscape.
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8.3.1 Montane Forests of the Colorado Front Range
In ponderosa pine and mixed-conifer forests of the Colorado Front Range of the
Rocky Mountains, fire-scar records and tree age structures from unlogged forests
were used to evaluate the historical fire regime (e.g., before 1920) and determine
the parts of the landscape characterized by predominantly low-severity or mixedseverity (including moderate- or high-severity) fires (Figs. 8.2 and 8.3a). The 232
sites compiled from multiple studies (Veblen et al. 2000; Sherriff and Veblen 2006,
2007; Schoennagel et al. 2011; Gartner et al. 2012; Sherriff et al. 2014) were
representative of the relative proportion of the dominant forest types in the study
area, allowing inferences from site-level data to 564,413 ha of montane forest
(Sherriff et al. 2014; an example of fire-scar dates and the last fire-cohort date at each
site are compiled for 92 sites in Fig. 8.3a). In the study region, the lower montane
zone (c. 1800–2200 m) comprises primarily pure ponderosa pine (Pinus ponderosa
Lawson & C. Lawson) on south-facing slopes and a mixture of ponderosa pine and
Douglas-fir (Pseudotsuga menziesii var. glauca (Beissn.) Franco) on north-facing
slopes. The upper montane zone (c. 2200–3000 m) is comprised of ponderosa pine
stands on south-facing slopes and denser stands of ponderosa pine and Douglasfir on north-facing slopes along with lodgepole pine (Pinus contorta Douglas ex
Loudon var. latifolia Engelm. ex S. Watson), aspen (Populus tremuloides Michx)
and dispersed limber pine (Pinus flexilis James) trees at higher elevations.
At each site, fire scars (number of fire-scarred trees and fire scars per tree, and
fire dates), forest structure, and tree age structure were systematically sampled to
identify the fire-severity regime. In total, 7680 tree cores and 1262 fire-scar samples
were used to delineate fire dates and severity across all sites. There was evidence
of 322 spreading fires that scarred 2 trees between 1597 and 1995. Only 22% of
spreading fires were unique to one site; all other fires were recorded at 2 sites.
The severity of spreading fires at each site was classified based on their influence on
forest structure. Along with the dates of spreading fires, the percentage of remnant
versus post-fire tree establishment was used to classify individual fires as low,
moderate or high severity (Table 8.3). Based on the fire-severity classifications,
a predominant fire regime at each site was assigned based on the cumulative fire
effects over time (Table 8.3).
In the lower montane forests in the Colorado Front Range, a decline in fire
frequency over the past 100 years led to substantial increases in stand density.
These forests were characterized mainly by frequent low-severity fires that burned at
average intervals <30 years and maintained open forests by killing mostly juvenile
trees, resulting in low densities of mature trees. The cessation of these fires coincides
with increased stand densities. This pattern also occurred at some higher elevations
on less steep sites where montane grasslands most likely occurred. Overall this
change to the fire regime and forest structure represents a relatively small proportion
of the montane forest of the Colorado Front Range as only 27.8% of the study area
is mapped with the historical low-severity fire regime (Sherriff et al. 2014).
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Fig. 8.3 Research designs and fire records for the four case studies on mixed-severity fire regimes
in (a) Colorado (564,413 ha), (b) Alberta (2400 ha), (c) Oregon (783 ha), and (d) Arizona
(1400 ha). In the maps, solid circles are sites/plots with cohorts only, solid triangles have cohorts
and fire scars, open triangles have fire scars only, and x indicates no scars or cohorts
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The majority (72.2%) of the 564,413 ha study area historically was dominated
by a mixed-severity fire regime, with the average interval between fires typically
>30 years. In the upper montane forests, stand structures were shaped primarily
by moderate-severity (46.5% of sites) and high-severity (45.7% of sites) fires; only
7.8% of sites recorded predominantly low-severity fires. Evidence of mixed-severity
fires occurred in all dominant forest types, including stands in which 80% of
the canopy trees were ponderosa pine or lodgepole pine, as well as mixed-conifer
stands. Fire effects varied from non-stand-replacing to canopy-replacing fires within
sites and across broad landscapes, with severity often related to topographic
variability. Although the ability to interpret the spatial extent of historical fires is
limited by the sampling unit size (up to 232 ha), subsequent fire events, and sample
depth, the evidence indicates mixed-severity fires occurred in patches up to 200 ha or
more, with c. 50 ha of high-severity fires at some sites. Fire years of 1654, 1786, and
1859–1860 were particularly extensive with 36%, 43%, and 48% of the available
recorder sites (with 2 fire-scarred trees) recording each fire year, respectively.
These fires were recorded at multiple sites that extended over 9 km (1654), 7.5 km
(1786), and up to 30 km (1859–1860) away from one another.
Consistent site- to landscape-scale evidence indicates historical mixed-severity
fire regimes varied with elevation in the Colorado Front Range. Although frequent,
low-severity fires dominated in lower montane forests, the majority of the study
area was in the upper montane zone where moderate- and high-severity fires shaped
current forest age structures. Reconstructions of stand structures and fire history
are most effective when supported by diverse evidence, gathered independently,
that converges to the same overall interpretations. In the Colorado Front Range,
tree-ring evidence, historical landscape photographs, Forest Reserve Reports, and
General Land Office surveys converge to the same conclusions demonstrating that
the historical fire regime of ponderosa pine and mixed-conifer forests included lowseverity fires as well as high-severity fires (e.g., Veblen and Lorenz 1986, 1991; Mast
et al. 1998; Baker et al. 2007; Schoennagel et al. 2011; Williams and Baker 2012;
Sherriff et al. 2014). Combined evidence indicates an historical fire regime of more
frequent, low-severity fires at low elevation (<2260 m) that supports a convergence
of management goals of ecological restoration and fire hazard mitigation in those
habitats. In contrast, at higher elevations mixed-severity fires were predominant
historically and continue to be so today.

8.3.2 Montane Forests of the Canadian Cordillera
Dendroecological evidence shows that fires of a range of severities historically
burned in the Canadian Cordillera, despite the northerly latitude and continental
climate (Fig. 8.2). Landscape studies conducted west of the Rockies in southeastern
British Columbia (Marcoux et al. 2013, 2015; Greene and Daniels 2017) and east
of the Rockies in Jasper National Park, Alberta (Chavardès and Daniels 2016)
form a 500 km south-north gradient. Collectively, 102 sites in mesic mixed-conifer
montane and lower subalpine forests were selected using a stratified-random
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research design to represent the environmental gradients in each landscape. Firescarred trees sampled in 1-ha plots provided evidence of low-to-moderate-severity
fires. Forest composition, size- and age-structure were sampled at the center of
fire-scar plots using an n-tree design. The resulting evidence indicated historical
fires (1439–1966) burned at a wide range of frequencies and severities at site and
landscape scales. Even-aged cohorts determined from stand age-structure analyses
and an absence of fire scars or remnant trees provided evidence of high-severity fires
at 43 of 102 sites. Crossdated, annually-resolved fire records were used to quantify
return intervals of low-to-moderate severity fires at the other 59 sites. In southeastern
British Columbia (n D 73 sites), fire-scars were most common on thick-barked
western larch (Larix occidentalis Nutt.), Douglas-fir and ponderosa pine; in Jasper
(n D 29) fire scars were most common on lodgepole pine and Douglas-fir.
Crossdated fire scars combined with age structure analyses allowed detailed sitelevel reconstructions of fire history and forest dynamics through time (Table 8.3).
In southeast British Columbia, 37 fire years between 1600 and 2009 were identified
based on fire scars (n D 31) or cohorts only (n D 6; Marcoux et al. 2013, 2015).
Eleven of 20 sites included fire scars and cohorts indicating mixed-severity fire
histories. These sites last burned between 1910 and 1953, yielding times since
fire of 56–99 years (at time of sampling) which exceeded the maximum recorded
fire return intervals at five sites and the mean interval at all sites. The remaining
sites had cohorts only, indicating high-severity fires burned <150 years ago at four
sites or >270 years ago at five sites. In this landscape, tree species composition
varied with disturbance history. Mixed-severity sites were dominated by Douglasfir and western larch that regenerated after frequent low- or moderate-severity fires
indicated by scars. Periodic moderate-severity fires generated even-aged cohorts
with surviving remnant trees. At higher-elevations, severe fires <150 years ago
generated cohorts dominated by lodgepole pine and high-severity sites that last
burned >270 years ago were dominated by subalpine fir (Abies lasiocarpa (Hook.)
Nutt.). Tree size attributes did not distinguish mixed- from high-severity sites.
Across fire history classes, canopy tree densities were 70–500 ha1 . Subcanopy
trees were up to 5600 ha1 having established then persisted following the last fire
at most sites. In this landscape, selective harvesting and fire suppression during the
twentieth century have reduced fire frequency in montane forests and homogenized
contemporary forest structures across elevations.
In Jasper, 13 fire years between 1646 and 1905 were identified based on fire
scars (Chavardès and Daniels 2016; Fig. 8.3b). All 29 sites had at least one postfire cohort (Fig. 8.3b). At 18 of 29 sites fire-scars and remnant trees combined with
post-fire cohorts were legacies of past fires of mixed severity through time. Single
even-aged cohorts provided evidence of high-severity fires at 11 sites. The most
recent fires initiated post-fire cohorts at 24 sites, providing evidence of moderate-tohigh severity fires between 1889 and 1905. No fire scars were detected after 1905,
although young thin-barked trees could have recorded fire at all sites. The simultaneous, long fire-free intervals during the twentieth century are unprecedented in
the 250-year fire-scar record. The dendroecological evidence showed that lodgepole
pine, hybrid spruce and Douglas-fir establish simultaneously after low-, moderateand high-severity fires. Thus, forest canopies were mixed in composition regardless
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of fire history and subtle differences such as the presence of remnant trees and
discontinuous age structures distinguished sites with mixed-severity fire histories. In
general, subcanopies were strongly dominated by shade-tolerant spruce, which are
similar in age to the canopy trees despite their small size. Subcanopy spruce do not
represent recent recruitment and stand infilling; rather, species-specific growth rates
and adaptations to shade resulted in size stratification among species and canopy
layers. These subcanopy trees have survived in the absence of surface fires during
the twentieth century so that forests with mixed- and high-severity fire histories have
developed similarly, homogenizing the landscape. Current dense subcanopies (up to
3100 ha1 ) provide ladder fuels, increase fire hazard and decrease forest resistance
to high-severity fire, especially during droughts.
Dendroecological evidence indicates mixed-severity fire regimes dominate in
many forests of the Canadian Cordillera. This interpretation contrasts with the
traditional view that high-severity fire regimes dominated, a perception that strongly
influences forest and fire management. Instead, low-to-moderate severity fires were
common historically but have been effectively eliminated during the twentieth
century. Altering these fire regimes can homogenize forests, reducing stand- and
landscape-level diversity and resilience to environmental change.

8.3.3 Lodgepole Pine Forests of Central Oregon
Lodgepole pine forests are widely distributed in western North America and
historically sustained a range of fire regimes (Schoennagel et al. 2008; Amoroso
et al. 2011). While these fire regimes have been well documented at the highseverity end of this range (e.g., in portions of the Greater Yellowstone Area and
parts of the U.S. northern Rocky Mountains), they are not as well documented
in mixed-severity systems, such as central Oregon’s Pumice Plateau Ecoregion
(Heyerdahl et al. 2014; Fig. 8.2). This region covers over a million hectares and is
characterized by thick deposits of pumice and ash that combine with generally flat
topography to favor lodgepole pine, but restrict the establishment of other overstory
and understory species (Geist and Cochran 1991; Simpson 2007). On parts of the
Plateau, coarse-textured pumice substrates limit forest composition to low-density
lodgepole pine with scattered ponderosa pine and a shrub understory dominated
by antelope bitterbrush (Purshia tridentata (Pursh) DC.; hereafter bitterbrush).
This woody shrub is intolerant of shade and highly flammable. It acts as a ladder
fuel and facilitates passive crown fire (e.g., torching of individual trees or small
patches of trees; Busse and Riegel 2009). It is the primary understory fuel in these
forests because the coarse-textured, nutrient-poor pumice substrate limits the growth
of grass and herbaceous fuels (Geist and Cochran 1991). Although fire initially
reduces the abundance and biomass of bitterbrush, it also stimulates regeneration
and populations can recover to pre-fire levels, especially where fire creates canopy
gaps (Ruha et al. 1996; Busse and Riegel 2009).
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The historical fire regime and its spatial complexity were reconstructed at 30 2-ha
plots distributed over 783 ha of forest dominated by lodgepole pine with scattered
ponderosa pine at an elevation of 1485 m (Heyerdahl et al. 2014; Fig. 8.3c). The
occurrence of low-severity fires was reconstructed from 56 fire-scarred trees (37
ponderosa and 19 lodgepole pine). The occurrence of high- and moderate-severity
fires was reconstructed from the establishment dates of 752 live or dead trees. From
these establishment dates, a cohort was assumed to have initiated when 5 trees
recruited within 20 years at a plot, preceded by at least 30 years without recruitment.
Death cohorts were identified when 5 trees died in the same year.
During the analysis period (1650–1900), 6 fires were reconstructed from 129 fire
scars and 19 of the cohort initiation dates (Fig. 8.3c). All but two of the cohorts
satisfied the criteria for assignment to fire-scar dates in 1750, 1819, or 1877. From
these 6 fires, 34 plot-composite fire intervals of variable length (26–82 years) were
computed. Fire scars from five of these same six fires (all but 1700) were crossdated
on trees sampled between plots. Twenty-one cohort initiation dates were identified.
Although trees established between 1624 and 1962, all but one cohort initiated
between 1822 and 1888. The remaining cohort initiated in 1752. Cohorts occurred
in two-thirds of the plots, most of which had a single cohort except for one plot with
two. Two death cohorts were identified in 1988, during a widespread outbreak of
mountain pine beetles in central Oregon (Preisler et al. 2012).
For centuries (1650–1900), extensive mixed-severity fires occurred every
26–82 years, creating a multi-aged forest and shrub mosaic. Although widespread
synchrony in fire-scar dates during several years suggests extensive low-severity
fires, these scars were also synchronous with cohorts of tree recruitment, suggesting
that individual fires included patches of both high- and low-severity fire. The
inference of historical mixed-severity fire is also consistent with the general lack
of serotinous lodgepole cones in central Oregon (Mowat 1960) because extensive
high-severity fires select for cone serotiny in pines (Keeley and Zedler 1998). Fire
intervals of 26–82 years are long enough for bitterbrush to regain sufficient cover
and height to facilitate fire spread across the site and into the canopy in a mosaic
pattern. In turn, this mosaic pattern would have allowed for post-fire regeneration
of bitterbrush by creating canopy gaps while maintaining some unburned plants
as seed sources and stimulating vigorous sprouting from undamaged portions of
surviving plants (Ruha et al. 1996; Busse and Riegel 2009). This work supports
findings about the drivers of mixed-severity fire regimes elsewhere in the region
(Halofsky et al. 2011).
The effect of fire exclusion on the fire regime at this site is unusual among mixedconifer forests in the interior Pacific Northwest (Hagmann et al. 2013). While forest
composition is topoedaphically limited primarily to lodgepole, contemporary, low
shrub fuel loads at the site are likely insufficient to spread fire to the canopy. In contrast, the tree-ring reconstructed fire history indicates that patches of high-severity
fire occurred periodically, generating multi-aged stands that may have been more
resilient to beetle attacks. Because topographic relief at the site is low, spreading
fires were likely wind driven, and would have required sufficient surface fuel loads
for horizontal and vertical spread. However, fuel loads, in particular the abundance
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and cover of bitterbrush, the primary understory species, has likely decreased since
the exclusion of fire 130 years ago, reducing the ability of the site to support a
mixed-severity fire regime. Because bitterbrush is both sensitive to and stimulated
by fire, continued lack of fire within the ecosystem is likely to promote a negative
feedback cycle. Without fire, canopy gaps are not created and bitterbrush sprouting
is not stimulated, thereby restricting shrub growth. In turn, limited shrub abundance
and cover restricts horizontal and vertical spread of fire, thus eliminating some
opportunities for creation of canopy gaps and perpetuating conditions that limit fire.
It is challenging to extrapolate future fire regimes from tree-ring reconstructions
of past fire alone because more than a century of fire exclusion has likely
changed forest structure, hence fire behavior, and climate is projected to continue
changing in the future. However, if simulation models corroborate past fire behavior
reconstructed from tree rings, such models can be used to simulate potential future
fire behavior. At Potholes, past, present, and future fire behavior was simulated with
a landscape-scale program (FlamMap; Finney 2006) to infer whether modern fire
behavior has changed since fire exclusion and to assess the relative importance of
fuels and weather as drivers of fire severity. Simulations of past fire behavior were
consistent with tree-ring reconstructions of patchy mixed-severity fire and suggested
that fuel loadings and wind speed were the primary drivers of fire behavior at
Potholes. In contrast, simulations of modern fire behavior suggested that a century
of fire exclusion has reduced the potential for the high-severity patches of fire that
were common historically. This occurred because the loadings of modern understory
fuels (i.e., bitterbrush cover, the primary ladder fuel) have declined and are now
insufficient to spread the mix of surface and torching fire that occurred at Potholes
in the past. Simulations with historical fuels included torching, especially under
extreme wind speeds, but simulations with modern fuels were dominated by surface
fire except under extreme wind speeds. Active crown fire was very rare regardless of
the scenario. In the absence of the abundant shrub fuels of the past, flame lengths of
sufficient height to carry fire into the canopy occurred only with extreme winds.
Coupling simulation modeling with tree-ring reconstructions of fire at Potholes
provided a more complete picture of the consequences of changes in the forest due
to fire exclusion.

8.3.4 The North Rim of Grand Canyon National Park, Arizona
Grand Canyon National Park in northern Arizona has a progressive and active fire
management program, making frequent use of prescribed fire and managed wildfire.
Park managers have a goal of restoring fire as a natural process throughout the park,
including the mixed-conifer zone. The fire scar record provides strong evidence
of historical low-severity fires (Fulé et al. 2003; Fig. 8.2). In this study, three
complementary analyses using dendroecological evidence were applied to estimate
the size of historical high-severity patches in the mixed-conifer forests (Yocom Kent
et al. 2015).
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The 1400-ha study area, at c. 2600 m in elevation, is located on the Kaibab
Plateau in the North Rim area of the Park. The forest in the study area is highly
stratified by aspect. The vegetation was mapped and polygons were classified
the into four major forest types by dominant overstory tree species: white fir
(Abies concolor (Gord. & Glend.) Lindl. ex Hildebr.), blue spruce (Picea pungens
Engelm.), subalpine fir and aspen. Other common tree species are ponderosa pine,
Douglas-fir and Engelmann spruce (Picea engelmannii Parry ex Engelm.). Using
a stratified-random research design, plots were randomly placed in 72 mapped
vegetation polygons, 18 in each forest type (Fig. 8.3d). At each plot, the n-tree
method (Jonsson et al. 1992) was used to identify and core the ten large overstory
trees closest to plot center. To quantify fire-related tree establishment, speciesspecific minimum diameters were used to target “large” trees that most likely
established before 1879, the last widespread fire in the study area (Fulé et al. 2003).
The cores from 647 trees were crossdated using a local chronology (Fulé et al. 2003)
and inner-ring dates were determined. Fire dates were obtained from crossdated firescarred trees sampled in the area previously (Fulé et al. 2003; Fig. 8.3d).
High-severity fire patches were reconstructed using three different methods,
each using dendroecological data. First, similar to the other case studies, evenaged cohorts establishing after high severity were identified based on the following
conditions: (a) trees formed one even-aged cohort with an initiation date that
corresponded to a nearby fire scar or a widespread fire date, (b) 2 cohorts
were present, but the oldest cohort was even-aged with an initiation date that
corresponded to a nearby fire scar or a widespread fire date, or (c) fire-sensitive
species (aspen, white fir, subalpine fir, or spruce) were even-aged but there were
some older remnant ponderosa pines or Douglas-firs. Plots met these criteria if 2
aspen pith dates followed fire by 5 years or if 4 conifer pith dates followed fire by
20 years. The size of each patch represented by a fire-initiated plot was determined
using GIS.
The second method for reconstructing high-severity patches was a dichotomous
classification based on the regeneration dynamics of aspen. Aspen regenerates
quickly after high-severity fire by suckering from clonal root stock (Margolis et al.
2007). Thus, mapped patches dominated by aspen were classified as initiated by
high-severity fire; all other patches were classified as not initiated by high-severity
fire.
The third method used GIS and the inverse distance weighting method to
interpolate high-severity fire patch boundaries and sizes (Hessl et al. 2007). The pith
date of the oldest fire-sensitive tree (aspen, white fir, subalpine fir or spruce), refined
by fire-scar dates, estimated the minimum time since the last high-severity fire. Fire
boundaries and sizes for the seven high-severity fires (1785, 1813, 1829, 1841, 1847,
1873, and 1879) were estimated using 3 different thresholds of interpolated values
to define high-severity versus low-severity or unburned forests.
Of these three methods, the aspen method yielded the smallest estimates of highseverity fire patches, while the interpolation method resulted in the largest estimates
that varied depending on the threshold value for fire boundaries (Table 8.4).
The aspen method and the fire-initiated polygon method may be more valuable
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Table 8.4 Comparison of estimated metrics of high-severity fire patches reconstructed using three
different methods (Yocom Kent et al. 2015)
Metrics of
high-severity patches

Aspen method
(N D 49)

Fire-initiated
patch method
(N D 18)

Minimum size (ha)
Maximum size (ha)
Average size (ha)
Average area burned (ha)
per fire year
Average number per fire
year

0.1
10.8
1.1

0.5
35.6
4.2

Interpolation method
(N D 7) minimum threshold
0.5
0.4
0.3
1.9
3.9
9.0
200.2 309.1 555.9
30.2
53.3
102.4
129.3 182.8 263.2
4.3

3.4

2.6

for understanding estimates of minimum high-severity patch size, whereas the
interpolation method may be more valuable for understanding estimates of the total
area burned in high-severity fire in a given year.
Consensus among the three different methods indicates high-severity fire was
a regular component of the historical fire regime along with low-severity fire,
throughout the nineteenth century. In some fire years, such as 1847, high-severity
fire was widespread. Patch size of high-severity fire during the 1800s likely ranged
from small patches (0.1 ha) that allowed a few trees to establish to large patches
(100 ha) that initiated multiple stands across the landscape. However, the forest in
the study area was quite young, with the majority of trees having pith dates in the
1800s or later. A large stand-replacing fire during or prior to the mid-1700s cannot
be ruled out.
The mixed-conifer forests on the North Rim of Grand Canyon National Park
are highly stratified by aspect, and likely experienced a very complex historical fire
regime with mixed low- and high-severity effects in individual fires and over time.
Although fire was a regular and important driver of forest dynamics throughout the
1800s, the last widespread fire was in 1879. Without periodic fires, the forest has
increased in density and changed in species composition over the past century (Fulé
et al. 2003; Vankat 2011). Allowing fires to behave differently on south-facing and
north-facing slopes could help promote diversity of tree species and keep the high
level of heterogeneity present in these forests.

8.4 Discussion
In each case study, dendroecological analyses were central for understanding
past fire frequency, severity and spatial attributes. Although they each feature a
mixed-severity fire regime, variations among them demonstrate the importance
of ecosystem-specific understanding of historical fires to guide science-based
management that aims to maintain forest resilience.
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The juxtaposition of traditional management paradigms in the montane forests
of the Colorado Rockies and Canadian Cordillera exemplifies this point. In the
Colorado Front Range, ponderosa pine is common. Although high-frequency, lowseverity fire regimes are often associated with this species and dominate the lower
montane forests, mixed- and high-severity fires historically dominated the upper
montane forests. For the majority of this landscape, managing for a low-severity fire
regime is not consistent with the historical range of variation; moderate- and highseverity fires must be taken into account. In contrast, timber and fire management
largely reflect the presumed high-severity fire regime in the Canadian Cordillera.
Reconstructions provide strong evidence of historical mixed-severity fire regimes
but reduced surface fires during the twentieth century. Despite the high latitude,
surface fires were an important component of historical fire regimes and need to be
reflected in contemporary management.
Land-cover change and fire exclusion can simplify mixed-severity fire regimes,
altering forest composition and structure. For example, the mixed-conifer forests
of the North Rim of the Grand Canyon are rich with fire scars indicating surface
fires, but high-severity patches burned during periodic widespread fires. In the
absence of mixed-severity fires for more than a century, forest density increased
and composition shifted toward fire-susceptible species, conditions conducive to
high-severity fire. Fire exclusion has had the opposite effect in the lodgepole
pine–antelope bitterbrush forests of central Oregon’s Pumice Plateau. Historically,
its mixed-severity fire regime also included high-severity patches embedded in
extensive low-severity fires. The resulting gaps facilitated bitterbrush regeneration,
which enabled fire spread, perpetuating a positive feedback. Fire exclusion has
disrupted this feedback, driving the decline of bitterbrush and limiting torching
fire across this landscape. Although fire exclusion has had contrasting impacts, a
mixed-severity fire regime is needed to maintain forest diversity and resilience in
both landscapes.

8.5 Future Directions and Research Priorities
Recent large and costly fires in western North America and globally have raised
urgent questions about altered fire regimes, including fire causes, effects and
feedbacks, as well as post-fire vegetation recovery (Bowman et al. 2009; Stephens
et al. 2013). Are contemporary fires more severe or larger than the historical
range of variation? To what degree are current high-severity fires driven by
climatic conditions versus forest structures and fuel availability? Are contemporary
forests resilient to fire? Reconstructions of historical fire frequency, severity, spatial
variability and extent are essential to gauge changes in contemporary fire regimes.
Existing classification methods have proven effective for inferring the severity of
individual fires and stand-level fire regimes in a range of forest types. Combining
evidence of fire severity with reconstructions of past fire extent provides a powerful
framework for quantifying the spatial variability within and among historical fires.

206

L.D. Daniels et al.

This type of integrated approach could be used to develop empirically-based,
quantitative estimates of the relative abundance of different fire severity classes
at stand to landscape levels. Such criteria are an important next step toward
determining if fire severity is increasing relative to historical conditions.
Knowledge of historical fire regime attributes provides an empirical framework
for management strategies to improve forest resilience to the cumulative effects
of environmental change (Stephens et al. 2013). Climate change projections for
western North America include increased temperatures, earlier snowmelt, longer fire
seasons with enhanced drought, potentially driving more frequent, large and severe
forest fires (McKenzie et al. 2004; Flannigan et al. 2009). These climatic effects
may be exacerbated by land-use change, fire exclusion, and urban expansion (Moritz
et al. 2014). In forests where low-severity fires have been reduced, proactive management may include restoration of forest composition, structure and spatial patterns
or mitigation of fuels (Stephens et al. 2013). In forests historically dominated by
high-severity fires, understanding variation in fire attributes and vegetation patterns
across climatic regions helps anticipate changes in forest types and age structures
at landscape to regional scales (Stephens et al. 2013). As dendroecological research
has shown, forests with mixed-severity fire regimes form a continuum between these
extremes. Therefore, ecosystem-specific knowledge of the relative importance of
low- versus high-severity fires is essential to ensure management enhances rather
than compromises forest resilience. Dendroecological reconstructions, combined
with multiple lines of corroborating evidence, are key for achieving this goal.

References
Agee JK (1993) Fire ecology of Pacific Northwest forests. Island Press, Washington, DC
Agee JK (1998) The landscape ecology of western forest fire regimes. Northwest Sci 72:24–34
Amoroso MM, Daniels LD (2010) Cambial mortality in declining Austrocedrus chilensis forests:
implications for stand dynamics studies. Can J For Res 40:885–893. doi:10.1139/X10-042
Amoroso MM, Daniels LD, Bataneih M et al (2011) Evidence of mixed-severity fires in the
foothills of the Rocky Mountains of west-central Alberta, Canada. For Ecol Manag 262:2240–
2249. doi:10.1016/j.foreco.2011.08.016
Applequist MB (1958) A simple pith locator for use with off-center increment cores. J For 56:141
Baker WL, Veblen TT, Sherriff RL (2007) Fire, fuels and restoration of ponderosa
pine–Douglas fir forests in the Rocky Mountains, USA. J Biogeogr 34:251–269.
doi:10.1111/j.1365-2699.2006.01592.x
Bowman DM, Balch JK, Artaxo P et al (2009) Fire in the earth system. Science 324:481–484.
doi:10.1126/science.1163886
Brown PM, Swetnam TW (1994) A cross-dated fire history from coast redwood near Redwood
National Park, California. Can J For Res 24:21–31. doi:10.1139/x94-004
Brown PM, Wu R (2005) Climate and disturbance forcing of episodic tree recruitment in a
southwestern ponderosa pine landscape. Ecology 86:3030–3038. doi:10.1890/05-0034
Brown PM, Wienk CL, Symstad AJ (2008) Fire and forest history at Mount Rushmore. Ecol Appl
18:1984–1999. doi:10.1890/07-1337.1
Busse MD, Riegel GM (2009) Response of antelope bitter brush to repeated prescribed
burning in Central Oregon ponderosa pine forests. For Ecol Manag 257:904–910.
doi:10.1016/j.foreco.2008.10.026

8 Deciphering the Complexity of Historical Fire Regimes

207

Caprio AC, Swetnam TW (1995) Historic fire regimes along an elevational gradient on the west
slope of the Sierra Nevada, California. In: Brown JK, Mutch RW, Spoon CW, Wakimoto RW
(tech. coords) Proceedings of the symposium on fire in wilderness and park management: past
lessons and future opportunities, Missoula, MT, USA, Mar 30–Apr 1, 1993. USDA Forest
Service General Technical Report INT. pp 173–179
Chavardès RD, Daniels LD (2016) Altered mixed-severity fire regime has homogenized montane
forests of Jasper National Park. Int J Wildland Fire 25:433–444. doi:10.1071/WF15048
Cherubini P, Fontana G, Rigling D et al (2002) Tree-life history prior to death:
two fungal root pathogens affect tree growth differently. J Ecol 90:839–850.
doi:10.1046/j.1365-2745.2002.00715.x
Daniels LD, Dobry J, Klinka K et al (1997) Determining year of death of logs and snags of Thuja
plicata in southwestern coastal British Columbia. Can J For Res 27:1132–1141
Dieterich JH, Swetnam TW (1984) Dendrochronology of a fire scarred ponderosa pine. For Sci
30:238–247
Duncan R (1989) An evaluation of errors in tree-age estimates based on increment cores in
kahikatea (Dacrycarpus dacrydioides). New Zeal. Nat Sci 16:31–37
Ehle D, Baker WL (2003) Disturbance and stand dynamics in ponderosa pine forests in Rocky
Mountain National Park, USA. Ecol Monogr 73:543–566. doi:10.1890/03-4014
Falk DA, Miller C, McKenzie D et al (2007) Cross-scale analysis of fire regimes. Ecosystems
10:809–823. doi:10.1007/s10021-007-9070-7
Falk DA, Heyerdahl EK, Brown PM et al (2011) Multiscale controls of historical fire regimes: new
insights from fire scar networks. Front Ecol Environ 9:446–454. doi:10.1890/100052
Farris CA, Baisan CH, Falk DA et al (2010) Spatial and temporal corroboration of a fire-scarbased fire history in a frequently burned ponderosa pine forest. Ecol Appl 20:1598–1614.
doi:10.1890/09-1535.1
Farris CA, Baisan CH, Falk DA et al (2013) A comparison of targeted and systematic fire-scar
sampling for estimating historical fire frequency in southwestern ponderosa pine forests. Int J
Wildland Fire 22:1021–1033. doi:10.1071/WF13026
Finney MA (2006) An overview of FlamMap fire modeling capabilities. In: Andrews PL, Butler
BW (eds) Fuels management—how to measure success: conference proceedings, Portland, OR,
28–30 Mar 2006. USDA For. Serv. Proc. RMRS-P-41, Fort Collins, CO, pp 213–220
Flannigan MD, Krawchuk MA, deGroot WJ et al (2009) Implication of changing climate for global
wildland fire. Int J Wildland Fire 18:483–507. doi:10.1071/WF08187
Fritts HC, Swetnam TW (1989) Dendroecology: a tool for evaluating variations in past and present
forest environments. Adv Ecol Res 19:111–188. doi:10.1016/S0065-2504(08)60158-0
Fulé PZ, Crouse JE, Heinlein TA et al (2003) Mixed-severity fire regime in a high-elevation forest
of Grand Canyon, Arizona, USA. Landsc Ecol 18:465–486. doi:10.1023/A:1026012118011
Gartner MH, Veblen TT, Sherriff RL et al (2012) Proximity to grasslands influences fire frequency
and sensitivity to climate variability in ponderosa pine forests of the Colorado Front Range. Int
J Wildland Fire 21:562–571. doi:10.1071/WF10103
Geist JM, Cochran PH (1991) Influences of volcanic ash and pumice deposition on productivity
of western interior forest soils. In: Harvey AE, Neuenschwander LF (eds) Proceedings:
management and productivity of western-montane forest soils, Boise, ID, USA April 1990.
USDA Forest Service General Technical Report INT-280. pp 82–89
Greene GA, Daniels LD (2017) Spatial interpolation and mean fire interval analyses quantify
historical burn metrics in mixed-severity fire regimes. Int J Wildland Fire 26(2):136–147.
doi:10.1071/WF16084
Hagmann RK, Franklin JF, Johnson KN (2013) Historical structure and composition of ponderosa
pine and mixed-conifer forests in south-central Oregon. For Ecol Manag 304:492–504.
doi:10.1016/j.foreco.2013.04.005
Halofsky JE, Donato DC, Hibbs DE et al (2011) Mixed-severity fire regimes: lessons and hypotheses from the Klamath-Siskiyou Ecoregion. Ecosphere 2:1–19. doi:10.1890/ES10-00184.1
Heinselman ML (1973) Fire in the virgin forests of the Boundary Waters Canoe Area, Minnesota.
Quat Res 3:329–382. doi:10.1016/0033-5894(73)90003-3

208

L.D. Daniels et al.

Hessburg PF, Salter RB, James KM (2007) Re-examining fire severity relations in pre-management
era mixed conifer forests: inferences from landscape patterns of forest structure. Landsc Ecol
22:5–24. doi:10.1007/s10980-007-9098-2
Hessl AE, Miller J, Kernan JT et al (2007) Mapping paleo-fire boundaries from
binary point data: comparing interpolation methods. Prof Geogr 59:87–104.
doi:10.1111/j.1467-9272.2007.00593.x
Heyerdahl EK, Brubaker LB, Agee JK (2001) Spatial controls of historical fire
regimes: a multiscale example from the interior west, USA. Ecology 82:660–678.
doi:10.1890/0012-9658(2001)082[0660:SCOHFR]2.0.CO;2
Heyerdahl EK, Lertzman K, Wong CM (2012) Mixed-severity fire regimes in dry forests of
southern interior British Columbia, Canada. Can J For Res 42:88–98. doi:10.1139/x11-160
Heyerdahl EK, Loehman RA, Falk DA (2014) Mixed-severity fire in lodgepole pine dominated
forests: are historical regimes sustainable on Oregon’s Pumice Plateau, USA? Can J For Res
44:593–603. doi:10.1139/cjfr-2013-0413
Johnson EA, Gutsell SL (1994) Fire frequency models, methods and interpretations. Adv Ecol Res
25:239–287
Johnson EA, Van Wagner CE (1985) The theory and use of two fire history models. Can J For Res
15:214–220. doi:10.1139/x85-039
Jones EL, Daniels LD (2012) Assessment of dendrochronological year-of-death estimates using
permanent sample plot data. Tree-Ring Res 68:3–16. doi:10.3959/2010-10.1
Jonsson B, Holm S, Kallur H (1992) A forest inventory method based on density-adapted circular
plot size. Scand J Forest Res 7:405–421. doi:10.1080/02827589209382733
Keeley JE, Zedler PH (1998) Evolution of life history in Pinus. In: Richardson DM (ed) Ecology
and biogeography of Pinus. Cambridge University Press, Cambridge, pp 219–250
Kernan JT, Hessl AE (2010) Spatially heterogeneous estimates of fire frequency in ponderosa pine
forests of Washington, USA. Fire Ecol 6:117–135. doi:10.4996/fireecology.0603117
Kipfmueller KF, Baker WL (1998) A comparison of three techniques to date stand-replacing fires
in lodgepole pine forests. For Ecol Manag 104:171–177. doi:10.1016/S0378-1127(97)00245-4
Kitzberger T, Brown PM, Heyerdahl EK et al (2007) Contingent Pacific-Atlantic Ocean influence
on multi-century wildfire synchrony over western North America. Proc Natl Acad Sci U S A
104:543–548. doi:10.1073/pnas.0606078104
Landres P, Morgan P, Swanson F (1999) Overview of the use of natural
variability concepts in managing ecological systems. Ecol Appl 9:1179–1188.
doi:10.1890/1051-0761(1999)009[1179:OOTUON]2.0.CO;2
Lertzman K, Fall J, Dorner B (1998) Three kinds of heterogeneity in fire regimes: at the crossroads
of fire history and landscape ecology. Northwest Sci 72:4–23
Marcoux HM, Gergel SG, Daniels LD (2013) Mixed-severity fire regimes: How well are they
represented by existing fire-regime classification systems? Can J For Res 43:658668.
doi:10.1139/cjfr-2012-0449
Marcoux HM, Daniels LD, Gergel SG et al (2015) Differentiating mixed- and high-severity fire
regimes in mixed-conifer forests of the Canadian Cordillera. For Ecol Manag 341:45–58.
doi:10.1016/j.foreco.2014.12.027
Margolis EQ, Swetnam TW, Allen CD (2007) A stand-replacing fire history in upper montane
forests of the southern Rocky Mountains. Can J For Res 37:2227–2241. doi:10.1139/X07-079
Margolis EQ, Swetnam TW, Allen CD (2011) Historical stand-replacing fire in upper montane
forests of the Madrean Sky Islands and Mogollon Plateau, Southwestern USA. Fire Ecol 7:88–
107. doi:10.4996/fireecology.0703088
Mast JN, Veblen TT, Linhart YB (1998) Disturbance and climatic influences on age structure of
ponderosa pine at the pine/grassland ecotone, Colorado Front Range. J Biogeogr 25:743–755.
doi:10.1046/j.1365-2699.1998.2540743.x
McBride JR (1983) Analysis of tree rings and fire scars to establish fire history. Tree-Ring Bull
43:51–67
McKenzie D, Gedalof Z, Peterson DL et al (2004) Climatic change, wildfire, and conservation.
Conserv Biol 18:890–902. doi:10.1111/j.1523-1739.2004.00492.x

8 Deciphering the Complexity of Historical Fire Regimes

209

Moritz MA, Batllori E, Bradstock RA et al (2014) Learning to coexist with wildfire. Nature
515:58–66. doi:10.1038/nature13946
Mowat EL (1960) No serotinous cones on central Oregon lodgepole pine. J Forest 58:118–119
Norton DA, Palmer JG, Ogden J (1987) Dendroecological studies in New Zealand, Part 1. An
evaluation of tree age estimates based on increment cores. New Zeal J Bot 25:373–383.
doi:10.1080/0028825X.1987.10413355
O’Connor CD, Falk DA, Lynch AM et al (2014) Fire severity, size, and climate associations diverge
from historical precedent along an ecological gradient in the Pinaleño Mountains, Arizona,
USA. For Ecol Manag 329:264–278. doi:10.1016/j.foreco.2014.06.032
Odion DC, Hanson CT, Arsenault A et al (2014) Examining historical and current mixed-severity
fire regimes in ponderosa pine and mixed-conifer forests of western North America. PLoS One
9(2):e87852. doi:10.1371/journal.pone.0087852
Perry DA, Hessburg PF, Skinner CN et al (2011) The ecology of mixed severity fire
regimes in Washington, Oregon, and Northern California. For Ecol Manag 262:703–717.
doi:10.1016/j.foreco.2011.05.004
Preisler HK, Hicke JA, Ager AA, Hayes JL (2012) Climate and weather influences on spatial
temporal patterns of mountain pine beetle populations in Washington and Oregon. Ecology
93:2421–2434. doi:10.1890/11-1412.1
Romme WR (1980) Fire history terminology—report of the ad hoc committee. In: Stokes M,
Dietrich JH (eds) Proceedings of the Fire History Workshop; Ft Collins, CO, USA. USDA
Forest Service General Technical Report RM-81. pp 135–137
Ruha T, Landsberg J, Martin R (1996) Influence of fire on understory shrub vegetation in ponderosa
pine stands. In: Barrow JR, McArthur DE, Sosebee RE, Tausch RJ (eds) Proceedings:
Shrubland Ecosystem Dynamics in a Changing Environment, Las Cruces, NM, USA, May
1995. USDA Forest Service General Technical Report INT-GTR-338. pp 108–113
Schoennagel T, Nelson CR (2011) Restoration relevance of recent National Fire Plan treatments in
forests of the western United States. Front Ecol Environ 9:271–277. doi:10.1890/090199
Schoennagel T, Veblen TT, Romme W (2004) The interaction of fire, fuels,
and
climate
across
Rocky
Mountain
forests.
Bioscience
54:661–676.
doi:10.1641/0006-3568(2004)054[0661:TIOFFA]2.0.CO;2
Schoennagel T, Smithwick EAH, Turner MG (2008) Landscape heterogeneity following large
fires: insights from Yellowstone National Park, U.S.A. Int J Wildland Fire 17:742–753.
doi:10.1071/WF07146
Schoennagel TL, Sherriff RL, Veblen TT (2011) Fire history and tree recruitment in the Colorado
Front Range upper montane zone: implications for forest restoration. Ecol Appl 21:2210–2222.
doi:10.1890/10-1222.1
Sherriff RL, Veblen TT (2006) Ecological effects of changes in fire regimes in
Pinus ponderosa ecosystems in the Colorado Front Range. J Veg Sci 17:705–718.
doi:10.1111/j.1654-1103.2006.tb02494.x
Sherriff RL, Veblen TT (2007) A spatially-explicit reconstruction of historical fire occurrence in the ponderosa pine zone of the Colorado Front Range. Ecosystems 10:311–323.
doi:10.1007/s10021-007-9022-2
Sherriff RL, Platt RV, Veblen TT et al (2014) Historical, observed, and modeled wildfire severity
in montane forests of the Colorado Front Range. PLoS One 9:e106791. doi:10.1371/journal.pone.0106971
Sibold JS, Veblen TT, Gonzalez ME (2006) Spatial and temporal variation in historic fire regimes in
subalpine forests across the Colorado Front Range in Rocky Mountain National Park, Colorado,
USA. J Biogeogr 33:631–647. doi:10.1111/j.1365-2699.2005.01404.x
Simpson M (2007) Forested plant associations of the Oregon East Cascades. USDA Forest Service,
Pacific Northwest Region, Technical Paper R6-NR-ECOL-TP-032007
Smith KT, Sutherland EK (2001) Terminology and biology of fire scars in selected central
hardwoods. Tree-Ring Bull 57:141–147
Smith KT, Arbellay E, Falk DA et al (2016) Macroanatomy and compartmentalization of recent fire
scars in three North American conifers. Can J For Res 46:535–542. doi:10.1139/cjfr-2015-0377

210

L.D. Daniels et al.

Stephens SL, Fulé PZ (2005) Western pine forests with continuing frequent fire regimes: possible
reference sites for management. J For 103:357–362
Stephens SL, Agee JK, Fulé PZ et al (2013) Managing forests and fire in changing climates.
Science 342:41–42. doi:10.1126/science.1240294
Stretch V, Gedalof Z, Cockburn J et al (2016) Sensitivity of reconstructed fire histories to detection criteria in mixed-severity landscapes. For Ecol Manag 379:61–69.
doi:10.1016/j.foreco.2016.08.009
Swetnam T, Baisan C (1996) Historical fire regime patterns in the southwestern United States
since AD 1700. In: Allen CD (ed) Fire effects in Southwestern forests: Proceedings of the 2nd
La Mesa Fire Symposium. USDA Forest Service, Rocky Mountain Research Station, General
Technical Report RM-GTR-286. pp 11–32
Swetnam
T,
Allen
C,
Betancourt
J
(1999)
Applied
historical
ecology:
using the past to manage for the future. Ecol Appl 9:1189–1206.
doi:10.1890/1051-0761(1999)009[1189:AHEUTP]2.0.CO;2
Swetnam TL, Falk DA, Hessl AE et al (2011) Reconstructing landscape pattern of historical fires
and fire regimes. In: McKenzie D, Miller C, Falk DA (eds) The landscape ecology of fire.
Springer Publishing, New York, pp 165–192
Taylor AH, Skinner CN (2003) Spatial patterns and controls on historical fire
regimes and forest structure in the Klamath Mountains. Ecol Appl 13:704–719.
doi:10.1890/1051-0761(2003)013[0704:SPACOH]2.0.CO;2
Tepley AL, Veblen TT (2015) Spatiotemporal fire dynamics in mixed-conifer and aspen forests
in the San Juan Mountains of southwestern Colorado, USA. Ecol Monogr 85:583–603.
doi:10.1890/14-1496.1
Turner MG (2010) Disturbance and landscape dynamics in a changing world. Ecology 91:2833–
2849. doi:10.1890/10-0097.1
Van Horne ML, Fulé PZ (2006) Comparing methods of reconstructing fire history using fire
scars in a southwestern United States ponderosa pine forest. Can J For Res 36:855–867.
doi:10.1139/x05-289
Van Wagner CE (1978) Age-class distribution and the forest fire cycle. Can J For Res 8:220–227.
doi:10.1139/x78-034
Vankat JL (2011) Post-1935 changes in forest vegetation of Grand Canyon National
Park, Arizona, USA: Part 1—ponderosa pine forest. For Ecol Manag 261:309–325.
doi:10.1016/j.foreco.2010.05.026
Veblen TT, Lorenz DC (1986) Anthropogenic disturbance and recovery patterns in montane
forests, Colorado Front Range. Phys Geogr 7:1–24. doi:10.1080/02723646.1986.10642278
Veblen TT, Lorenz DC (1991) The Colorado Front Range: a century of ecological change.
University of Utah Press, Salt Lake City
Veblen TT, Kitzberger T, Donnegan J (2000) Climatic and human influence on fire regimes
in ponderosa pine forests in the Colorado Front Range. Ecol Appl 10:1178–1195.
doi:10.1890/1051-0761(2000)010[1178:CAHIOF]2.0.CO;2
Villalba R, Veblen TT (1997) Improving estimates of total tree ages based on increment core
samples. Ecoscience 4:534–542. doi:10.1080/11956860.1997.11682433
Williams MA, Baker WL (2012) Spatially extensive reconstructions show variable-severity fire
and heterogeneous structure in historical western United States dry forests. Glob Ecol Biogeogr
21:1042–1052. doi:10.1111/j.1466-8238.2011.00750.x
Wong CM, Lertzman KP (2001) Error in estimating tree age: implications for studies of stand
dynamics. Can J For Res 31:1262–1271. doi:10.1139/x01-060
Yocom Kent LL (2014) An evaluation of fire regime reconstruction methods. ERI Working Paper
No. 32. Ecological Restoration Institute and Southwest Fire Science Consortium, Northern
Arizona University, Flagstaff, AZ. 15 p
Yocom Kent LL, Fulé PZ, Bunn WA et al (2015) Historical high-severity fire patches in mixedconifer forests. Can J For Res 45:1587–1596. doi:10.1139/cjfr-2015-0128

