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Abstract

Background: Recentincreases in wildfire activity in the Western USA are commonly attributed to a confluence of
factors including climate change, human activity, and the accumulation of fuels due to fire suppression. However, a
shortage of long-term forestry measurements makes it difficult to quantify regional changes in fuel loads over the
past century. A better understanding of fuel accumulation is vital for managing forests to increase wildfire resistance
and resilience. Numerical models provide one means of estimating changes in fuel loads, but validating these models
over long timescales and large geographic extents is made difficult by the scarcity of sufficient data. One such model,
MC2, provides estimates of multiple types of fuel loads and simulates fire activity according to fuel and climate condi-
tions. We used the Forest Inventory and Analysis Database (FIADB) observed data to validate MC2 estimates of fuel
load change over time where possible.

Results: We found that the MC2 model’s accuracy varied geographically, but at a regional scale the distributions of
changes in fuel loads were similar to distributions of FIADB values. While FIADB data provided consistent measure-
ment types across a wide geographic area, usable data only spanned approximately 30years. We therefore supple-
mented this quantitative validation with a qualitative comparison to data that covered less area, but for much longer
time spans: long-term forestry plots outside of the FIA plot network and repeat photography studies. Both model
results and long-term studies show increases in fuel loads over the past century across much of the western USA, with
exceptions in the Pacific Northwest and other areas. Model results also suggest that not all of the increases are due to
fire suppression.

Conclusions: This model validation and aggregation of information from long-term studies not only demonstrate
that there have been extensive fuel increases in the western USA but also provide insights into the level of uncer-
tainty regarding fire suppression’s impact on fuel loads. A fuller understanding of changing fuel loads and their impact
on fire behavior will require an increase in the number of long-term observational forestry studies.
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Resumen: Tendencias en los combustibles de fuego en EEUU utilizando datos histéricos y modelos.

Antecedentes: Aumentos recientes en la actividad de los incendios en el oeste de los EEUU son comUnmente
atribuidos a la confluencia de factores incluyendo el cambio climatico, la actividad humana, y la acumulaciéon de com-
bustibles debido a la supresiéon del fuego. Sin embargo, una carencia de mediciones forestales de largo plazo hace
diffcil cuantificar cambios regionales en la carga de combustibles en los Ultimos cien afos. Un mejor entendimiento
de la acumulacion de combustible es vital en el manejo de los bosques para incrementar la resistencia a los incendios
y la resiliencia. Modelos numéricos proporcionan una forma de estimar los cambios en las cargas de combustible,
pero validar estos modelos a lo largo del tiempo y para extensiones geograficas grandes es dificil por la falta de datos
necesarios. Uno de esos modelos, MC2, provee multiples tipos de estimadores de carga y simula la actividad del
fuego de acuerdo al combustible y las condiciones del clima. Nosotros utilizamos los datos observados del Inventario
Forestal y Andlisis de Datos (FIADB por su siglas en inglés), para validar las estimaciones del cambio en la carga de
combustible del MC2 a través del tiempo donde fue posible.

Resultados: Encontramos que la precision del modelo MC2 varié geograficamente, pero a una escala regional los
cambios en las distribuciones en la carga de combustible fueron similares a los valores de las distribuciones de FIADB.
Mientras que los datos del FIADB proporcionaron tipos consistentes de mediciones a lo largo de un area geografica
amplia, los datos utilizables solo abarcaron 30 afos aproximadamente. Por o tanto, complementamos esta validacion
cuantitativa con una comparacion cualitativa de datos que abarcd un drea menor pero con lapsos de tiempo mucho
mayores: parcelas forestales de largo plazo por fuera de la red de parcelas de FIA y repetimos estudios fotograficos.
Ambos resultados del modelo y varios estudios de largo plazo muestran incrementos en la carga de combustible en
los ultimos cien afios en gran parte del oeste de los EEUU, con excepciones en el noroeste del Pacifico y otras éareas.
Los resultados del modelo también sugieren que no todos los incrementos son debidos a la supresion del fuego.

Conclusiones: La validacion de este modelo y el agregado de informacion de estudios de largo plazo demuestran

que han habido grandes aumentos de combustible en el ceste de los EEUU, pero también se puede apreciar el
nivel de incertidumbre en el impacto de la supresién de fuegos sobre la carga de combustible. Una comprension
mas completa del cambio en las cargas de combustible y su impacto en el comportamiento del fuego requerird un
aumento en el nimero de observaciones de largo plazo en estudios forestales.

Background

There is general agreement that widespread century-
scale fire suppression has caused increases in wildfire
fuel loads in low elevation dry forests of the western
USA (e.g., Parks et al. 2018; Collins et al. 2011). This is a
cause for concern as higher fuel loads can lead to larger,
higher severity fires (Steel et al. 2015; North et al. 2015;
Parks et al. 2018; Tubbesing et al. 2019) and make it diffi-
cult to perform prescribed burning safely. The large and
destructive fires occurring in the past couple of decades
are resulting from the confluence of climate, fuels, and
people. There are numerous studies linking climate to
fire (e.g., Flannigan et al. 2009) and clearly human pop-
ulation distribution is a factor for ignitions (e.g., Balch
et al. 2017). However, to date, minimal quantitative
information has been provided in the literature support-
ing the general agreement of fuel load increases, which
for many places (not all) are largely thought to be due to
fire exclusion beginning with early twentieth century fire
suppression policy.

Not surprisingly, there is high uncertainty regarding
the magnitude and extent of historical changes in fuel
loads. Mapping fuels is complicated by fuels’ spatial and
temporal variability, but fuel maps are vital to predicting

fire risk (Keane et al. 2001). Models which simulate veg-
etation growth and mortality have been used to estimate
fuel loads across areas without observations, estimate
past changes in fuel loads over time when historical data
are unavailable, and/or simulate fuel loads under future
climate and management scenarios. Fire models can
then use these vegetation model results to determine the
impacts of changing fuel loads on fire behavior. However,
it is very difficult to validate models’ fuel load estimates,
especially those that estimate changes in fuel loads over
long periods of time and/or large geographic extents.
One difficulty is that there are limited observational
data available prior to 1950 for validating forest dynam-
ics models (Zhang et al. 2015). Some studies using for-
estry plot measurements have found that fuel dynamics
calculated across intervals of less than 10years display
high variability and can be potentially misleading (Sol-
lins 1982), demonstrating the importance of collecting
long-term datasets. Another difficulty is that anthropo-
genic disturbances as well as unpredictable natural events
(such as avalanches or strong windstorms) can cause
changes to land cover which are not easily captured by
a coarse-scale computer simulation. The large variety
of ecosystems present in the western USA also makes it
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Fig. 1 Approximate locations of vegetation change studies spanning at least 30years. Circles show forestry plots, while squares show
repeat-photography studies. These symbols are meant to show general locations only, and their size on the map is not indicative of the actual
surface area studied. Arrows indicate the general trend of forest cover over the years (up or down; no arrow indicates that the study did not show
a net trend in either direction). Each location is labeled with the author (and year of publication if needed to differentiate between studies), as
well as the years spanned by the study. Green shading denotes areas dominated by forest or shrubland, while white indicates deserts, grasslands,
agricultural lands, etc. See Appendix A for details of each study

difficult to extrapolate any observations regarding the
impact of fire suppression. The scarcity of field data and
difficulty in model validation make it hard to even answer
the fundamental question of how fuel loads are changing
over time.

Although there are multiple gridded datasets that esti-
mate fuel loads and/or forest characteristics across the
entire western US (e.g., National Tree List, Drury and
Herynk 2011), these datasets rely on observations from
satellites such as Landsat that only go back to the 1970s
(NASA n.d.) and thus cannot be used to assess changes
over longer time periods. They also cannot be used to
predict future fuel loads the way a process-based numeri-
cal model can.

Long-term studies using plot measurements and pho-
tographic analysis show increased live fuels over much of
the western USA in the past century, except in the Pacific
Northwest (Fig. 1). These studies are extremely valuable
but are limited in spatial coverage.

Non-fire-suppressed reference forests provide some
insight into how fire suppression has affected fuel loads.

For example, the Sierra de San Pedro Martir (SSPM)
forests in northern Mexico did not experience fire sup-
pression until the late 1900s (Stephens and Fulé 2005).
Measurements in the SSPM found that it contained less
coarse woody debris than did Sierra Nevada forests
that had been fire-suppressed but were otherwise simi-
lar (Stephens et al. 2007a). On the other hand, canopy
cover was similar between SSPM and a fire-suppressed
forest in the eastern Sierra Nevada, likely because the
dry forests in this region grow very slowly (Stephens
et al. 2007a). In the 1970s, some land managers started
allowing more wildfires to burn—under conditions
that provided safety to life, property, and human
health—as a strategy for managing resilient landscapes
(Van Wagtendonk 2007; Hessburg et al. 2019). Obser-
vations in two California forests that experienced this
type of restored fire regime—Illilouette Creek Basin
of Yosemite and Sugarloaf Creek Basin of Sequoia and
Kings Canyon National Park—have shown that fuel
loads were lower than in unburned forests in the same
region (Collins et al. 2016). However, reintroduction
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of fire to suppressed landscapes does not always yield
the same results: forested extent decreased by 24% in
Illilouette Creek Basin over 40 years of repeated mixed-
severity fires (Boisramé et al. 2017), while fires in the
drier Sugarloaf Creek Basin reduced forest cover by
only 1% over a similar time period due to lower fire
severities and lower forest productivity in Sugarloaf
Creek Basin (Stevens et al. 2020a). Comparing fire-sup-
pressed forests to reference forests such as the Sierra de
San Pedro Martir, Illilouette Creek Basin, and Sugarloaf
Creek Basin is an important method for demonstrating
fire suppression’s impact on fuel loads, but such com-
parisons are limited in extent, which is unfortunate
given the spatial variability in forest structure and fire
regimes.

In this study, we work toward answering the questions
of how fuel loads have changed in the Western USA over
time and how much of that change is due to fire suppres-
sion. We approach this question by aggregating observa-
tions of western USA fuel loads from a variety of sources.
These sources include:

1) The Forest Inventory and Analysis (FIA) Database

2) Repeat forestry measurements in plots not associated
with FIA

3) Repeat photography analysis

We use these observations to investigate temporal
trends in fuel loads across a range of landscapes. They
also allow us to validate the MC2 fuels model, which we
can then use to investigate trends in fuel loads across the
entire western USA over the past century. Forest Inven-
tory and Analysis (FIA) data compiled by the US For-
est Service are commonly used for model validation.
For example, a study of the regional ecosystem model
LPJ-GUESS found that modeled values of net primary
productivity and biomass in New England were within
ranges measured by FIA data (Tang et al. 2010). It is
important to note that Tang et al. (2010) grouped FIA
data by forest type for this comparison, rather than trying
to compare model output to specific plots.

Our study focuses on live trees, as they are the most
commonly recorded type of fuel across large ranges
in space and time, although surface fuels can be very
important to determining fire risk (Agee and Skinner
2005). Studies have shown canopy cover to be positively
correlated with fine surface fuel loads (Collins et al.
2016), suggesting that tracking changes in live trees over
time can also offer insight into the likely fine fuel loads.
Our main questions are:

1) What do historical records show in terms of long-term
changes in fuel loads throughout the western USA?
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2) Can the MC2 model’s representation of changing fuel
loads be validated by plot data?

3) What spatiotemporal patterns in fuel loads are
revealed by the MC2 model?

Methods

Study area

This study covers the western USA (west of 103° longi-
tude), which primarily includes the states of Arizona,
California, Colorado, Idaho, Montana, Nevada, New
Mexico, Oregon, Utah, Washington, and Wyoming. We
focus on this region because of the large role that fire sup-
pression has historically played there. Prior to European
settlement, fire frequencies were under 35 years for most
forests in California and the Southwest, but fire sup-
pression policies and increased levels of livestock graz-
ing (which reduced fine fuel loads) led to longer fire-free
intervals in many areas throughout the twentieth cen-
tury (Hessburg et al. 2019). In contrast, colder and wet-
ter forests in the northwestern regions or high altitudes
had fire return intervals of up to 200years and therefore
would not be greatly affected by a century of fire sup-
pression (Hessburg et al. 2019). We therefore expect to
see large spatial variation in fuel load trends throughout
the region. We also focus on the western USA because it
is the primary region in the US where large high-impact
and high-severity fires have been substantially increasing
for the past two decades (Parks and Abatzoglou 2020).

Fire and fuels model
The MC2 model simulates vegetation growth, mortal-
ity, and decay. It is a combination of the biogeography
MAPSS model and the biogeochemical CENTURY
model, with a fire module called MCFIRE (Bachelet
et al. 2001). This model has been used in multiple stud-
ies to project fuel and fire behavior under climate change
(Kim et al. 2018; Bachelet et al. 2015). Previous studies
validated the MC2 model against National Biomass and
Carbon Dataset data as well as national maps of potential
vegetation type and fire return intervals (Bachelet et al.
2015). However, the model’s ability to accurately repre-
sent historical vegetation changes has not been validated
at a large scale, though it has been verified to simulate
historical carbon loads in California (Lenihan et al. 2003).
This model includes simulations of the impact of fire
and post-fire regrowth on the landscape. In the model,
fire always occurs (up to one time per year) if thresholds
of weather and fuel moisture are met within a given cell
(Bachelet et al. 2015; Conklin et al. 2016). The model then
uses estimates of fuel loads (live and dead) to determine
the extent of fire spread within the cell, as well as whether
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Fig.2 A Cumulative proportion of each model cell that burned during the modeled period of 1895-2010 under the fire-suppressed scenario. B
Reduction in cumulative burns in the fire-suppressed model scenario. Non-forested areas are shown in white regardless of modeled fire activity

crown mortality occurs (Bachelet et al. 2018; Conklin
et al. 2016). Although fire does not spread from one cell
to another, areas with similar climate experience simi-
lar fire impacts, often creating contiguous burned areas
larger than one cell (Fig. 2A). The amount of area burned
has been found to match well with observed pre-suppres-
sion values at a continental scale (Bachelet and Turner
2015) as well as within California (Lenihan et al. 2003)
and South Dakota (King et al. 2015).

The particular MC2 model runs used here simulated
vegetation growth, mortality, and decay, as well as fire
activity, from 1985 to 2010 using historical PRISM
weather data. Vegetation type in the model is deter-
mined based on potential vegetation for a given loca-
tion’s soil, landscape, and climate, rather than using
contemporary vegetation maps. Details are given in
Mote et al. (2014).

The model results include a “fire suppression” and a
“no fire suppression” scenario. Under the first scenario,
fires are still possible but are suppressed if the calculated
fireline intensity, rate of spread, and energy release com-
ponent are below predefined thresholds (Sheehan et al.
2015). While the areas that experience fire are similar
between the two scenarios, the number of times that a
given cell experiences fire is much higher in the scenario
with no fire suppression (Fig. 2).

By comparing the “fire suppression” and “no fire sup-
pression” scenarios, we can use the model to estimate the
impact of fire suppression on fuel loads, as well as iden-
tify areas where fuel loads might change even without
aggressive fire management.

Table 1 Dates of data available for all states in this study. Each
column gives the longest available time span for: FIA plot data
available online, longer-term plots found through a literature
search, and repeat photography studies found in the literature

State Longest date  Longest date Longest date range,
range, FIA range, other repeat photography
plots plots

Arizona 1980-2017 1909-1999 1941-2004

California 1991-2017 1911-2007 1941-2005

Colorado 1979-2017 1900-2000

ldaho 1981-2018 1907-1982

Montana 1988-2018 1871-1982

Nevada 1978-2018 1868-1982

New Mexico 1985-2018 1910-1999 1899-1977

Oregon 1995-2017 1910-2002

Utah 1988-2017 1933-1989 1901-1976

Washington 1996-2017 1914-2002

Wyoming 1983-2018 1892-1975

FIA dataset

The US Forest Service maintains the Forest Inventory and
Analysis (FIA) Database, recording standardized forestry
plot measurements across the USA (USFS 2019; Gray
et al. 2012). Within the western USA, the online FIA
Database contains measurements spanning 21-40vyears,
depending on the state (Table 1). The database includes
field measurements such as tree heights and diameters
with descriptions of tree species and condition, as well as
calculated values such as biomass (Gray et al. 2012). The
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earliest plot measurements date back to the 1930s, while
permanent sample points were established on a national
grid beginning in the 1960s, and the current inventory
methodology was adopted nationally in 2000 to provide
more consistent measurements (Gray et al. 2012). Indi-
vidual plots are re-measured every 5—-10years (Gray et al.
2012). At each plot, trees are measured on four 7.3m
radius subplots (Gray et al. 2012). Aboveground carbon
(excluding foliage) is calculated for all live and standing
dead trees of at least 1 inch diameter by assuming that
carbon is one half of the tree’s biomass which is calcu-
lated using a set of species-specific equations and tables.
The carbon content of each measured tree is then mul-
tiplied by the associated estimated number of trees per
acre to obtain carbon biomass per acre (Burrill et al.
2018). The FIA database includes litter depth which is
measured 7.3m from the subplot center along each sub-
plot transect; this depth is then converted to a weighted
average based on the proportion of the plot that is in the
same condition (i.e., mapped as having the same veg-
etation cover type) as the location of each measurement
(Burrill et al. 2018). An estimate of total litter carbon in
each FIA plot is also calculated using equations based on
geographic area, forest type, and stand age rather than
directly using measurements (Burrill et al. 2018).

Comparing FIA and MC2 data

FIA data should not necessarily be expected to match
any gridded model exactly, due to differences in scale
(<700m? measured on each FIA plot, versus approxi-
mately 10’ m? within each grid cell of the MC2 output
used here). Aggregating FIA plot data within larger
areas, as well as examining the cumulative distributions
of the two datasets (FIA data and model output), can be
a more meaningful comparison (Riemann et al. 2010).
Because the MC2 model assumes fires will occur when-
ever fuel and weather conditions are optimal (no limita-
tion on ignitions), and since it is impossible to exactly
predict real fire ignitions, we do not expect the fire his-
tory of the model to exactly match reality for any given
location. Consequently, we excluded any model cells that
had burned between 1980 and 2010 (the period when
most FIA data were collected). Because strict adher-
ence to this rule led to a very small number of accept-
able plots, we relaxed the standard to allow model cells
that had experienced fire on less than 1% of their area
cumulatively from 1980 to 2010. The MC2 model also
does not simulate logging. Therefore, all comparisons
between datasets exclude any FIA plots that had burned
or been harvested during the study period, or where
over 25% of the plot’s trees were damaged or killed due
to factors such as disease or insects, which are also not
included in the model. For most variables we used only
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individual plots that included multiple measurements
spanning at least 10years. While aggregating data from
all FIA plots within a given region for each year would
have given a larger dataset for calculating rates of change,
it would have potentially introduced too many errors due
to changes in inventory design (Goeking 2015). We made
one exception for litter depth: since this variable was
only measured starting in 1999, there were very few plots
available spanning 10 or more years, and most plots were
measured after the inventory design was standardized, so
we included all measurements of litter depth from undis-
turbed plots regardless of whether the individual plot’s
data spanned 10years.

We compared FIA and MC2 data at the scale of ecolog-
ical sections, as well as subregions within those sections.
The US Forest Service defines these spatial divisions by
dividing the country into groups of related climates, then
by land cover type, and finally based on terrain features
(Cleland et al. 2007). Ecological sections cover an aver-
age of 4 million ha (ranging from 5.5X10°-3.4X10’ ha).
For the analyses presented here, ecological section-scale
values were calculated as the average of all plots fitting
our criteria (e.g., no disturbance) that fell within an eco-
logical section, and the average of all MC2 grid cells that
both contained a valid plot and fell within the ecologi-
cal section. Omitting grid cells that did not contain plots
helped us to avoid sampling intensity errors that might be
caused by averaging over large areas simulated by MC2
that were not covered by forestry plots (Riemann et al.
2010). It should be noted that the FIA plot coordinates
provided in the database are up to 1.6 km away from their
actual location, in order to protect the privacy of land-
owners (Gray et al. 2012). While FIA plot data are labeled
by subregion and therefore grouping them within ecolog-
ical sections is not affected by spatial uncertainty, inac-
curate locations could affect the selection of model grid
cells for comparison. However, since 1.6km is smaller
than the width of grid cells in the MC2 model (approxi-
mately 3—-4km, depending on latitude), this should only
create a minimal level of error. To include an ecological
section in the comparison, we required it to contain at
least ten valid FIA plots.

Comparing data at the ecological section level likely
provided a more valid assessment than plot-level com-
parisons, but it limited the amount of data that could be
used. The majority of FIA data that fit our criteria (no
disturbances, at least a 10-year time span of measure-
ments, and at least ten plots per ecological section) only
covered 10-20years for most plots (Fig. 3) and omitted
large portions of the desired study area (Fig. 4).

Our comparisons assessed the ability of MC2 to cap-
ture observed changes in fuel loads over time (in terms
of mass per year). This change was calculated using a
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Fig. 3 Histogram of the time spans covered by the FIA analysis at the ecological subregion level

simple linear regression of mass versus year (when
only two distinct measurements were available, this
is the same as taking total change in mass divided by
the number of years between measurements). For each
FIA data point, we extracted model data from that
location and year (or from 2010, the latest modeled
year, for measurements after 2010) from the MC2 fire-
suppressed scenario and used these values to calculate
modeled rate of change. We limited our calculations
to data spans of at least 10years, since other studies
have found shorter periods to be potentially misleading
when calculating fuel accumulation rates (Sollins 1982).
We also omitted the small number of FIA data points
measured later than 2015 in order to avoid long time
spans between the latest available model year (2010)
and the latest FIA measurements.

Not all variables measured by the FIA surveys had a
comparable output from MC2. Therefore, we focused
on three variables that were both measured and mod-
eled, with similar definitions: litter carbon, live above-
ground carbon, and dead aboveground carbon. In
MC2, litter carbon (“woodl” in the model) includes
the mass of carbon in the dead fine branch component
of the forest system, while in FIA datasets this is pro-
vided as litter carbon in the plot condition table—an
estimate based on geographic area, forest type, and
stand age—where litter is defined as “organic material
on the floor of the forest, including fine woody debris,
humus, and fine roots... above mineral soil” (Burrill
et al. 2018). FIA data also include point measurements

of litter depth (Burrill et al. 2018). Since this depth
value is not directly comparable to modeled litter car-
bon, we instead compared percent change in measured
litter depth to percent change in modeled litter car-
bon in order to assess whether both datasets showed
similar trends in litter’s relative change over time. We
used litter depth in order to avoid the uncertainties
involved in converting depth to mass. The FIA variable
“CARBON_AG” (aboveground carbon) measures the
aboveground carbon biomass of live and standing dead
trees, excluding foliage. For our comparisons, we sepa-
rated live and dead trees to compare them to modeled
live and dead aboveground carbon, respectively. MC2
defines live aboveground carbon (“aflivc” in the model)
as the sum of carbon in all live components of the for-
est system, minus root carbon. We subtracted modeled
leaf carbon (rleavc) from the modeled live aboveground
carbon pool to make it more comparable to the FIA
data. We selected the dead large wood component of
MC2 output (wood2c) as the most appropriate value to
compare to standing dead trees from FIA.

We compare modeled and FIA data using the mean
and 95% confidence intervals of fuel change rates
within each ecological section. For all variables except
litter depth, we define the 95% confidence interval as
the range of values excluding the highest and lowest
2.5% of values for all plots; this was calculated using
the quantile function in R (RDocumentation n.d.).
For litter depth change, we used the 95% confidence
interval for the slope of the linear fit of depth versus
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Fig. 4 A Change in live aboveground carbon (Mgha~'year~") in all FIA plots with no disturbance and at least 10years between remeasurements.
Ecological sections are outlined in black; those containing at least 10 plots are shown in the color corresponding to mean change among all plots. B
Mean change in live aboveground carbon within each ecological section, calculated from MC2 model output. C Difference between the mean rates
of change calculated using model (B) or FIA (A) data; red colors show where the model underestimated the mean according to FIA data, whereas
blue shows areas where it overestimated the increase in live fuels. For all plots, white ecological sections did not have enough appropriate FIA plots
for analysis. See Appendix C for locations of plots excluded from analyses, as well as breakdown according to smaller ecological subregions

time (calculated using the Im function in R). We test
both whether the modeled mean for each section is
within the 95% confidence interval for all FIA data
and whether it is within one standard error of the FIA
data’s mean.

Following methods in Riemann et al. (2010), our
comparisons include cumulative distribution curves.
These curves are created by ranking each region from
the smallest change in fuel load (or most negative) to
the greatest change, then dividing this rank number by
the total number of regions to obtain a value between

0 and 1. The regions are then plotted with the fuel load
change on the x-axis and the rank (normalized to be
between 0 and 1) on the y-axis. These plots allow us
to show how the distribution of change values varies
between modeled and FIA data. Kolmogorov-Smirnov
tests were performed using R software to determine
whether FIA and modeled values were likely drawn
from the same continuous distribution or not. Using
this type of test allows comparison of two datasets
without making any assumptions about the data’s
underlying distribution (Riemann et al. 2010).
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Literature search for long-term observational studies
While the FIA dataset provides a variety of fuel-
related information across many geographic locations,
it is limited in terms of time span (Fig. 3). Therefore,
we chose to supplement the quantitative comparison
to FIA data with a qualitative comparison to observa-
tions from studies that cover less geographic area but
were recorded over longer periods of time (Table 1).
A qualitative comparison is necessary due to these
additional studies not all having consistent measure-
ment types and since it is not appropriate to compare
modeled MC2 data to individual plots rather than to a
large collection of plots (see the “Comparing FIA and
MC2 data” section). We searched for studies that used
either repeat forestry measurements or repeat photog-
raphy to cover time periods longer than the available
FIA database record. Few long-term studies provided
direct measurements of fuel loads. Instead, we relied
on the following proxies for fuel loads: tree density,
forest extent, vegetation percent cover, biomass, and/
or woody debris mass.
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Results

Comparing FIA data and MC2 model output

When compared to FIA, MC2 tended to overestimate
the total amount of live wood carbon, while underesti-
mating the amount of litter carbon. However, the mod-
eled values were within observed ranges at the scale of
the full model domain (Results not shown).

For aboveground live carbon, the mean modeled rate
of change for each ecological section was within the 95%
confidence interval for FIA plots in that same section
(Fig. 5), though only 62% of sections had the modeled
mean within one standard error of the FIA mean. The
model mean rates of change matched the FIA means’
cumulative distribution closely for the lower 70% of
ecological sections and subregions but underestimated
the maximum increases (Fig. 14). The distributions
were not significantly different, according to a KS test
(p=0.29). The median rate of change was approximately
0.1 Mgha'year™! for both datasets, and 40% percent of
ecological sections had rates of change modeled within
0.1 Mgha'year™! of the mean calculated from FIA data.
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Fig. 5 Rate of change in live aboveground carbon within each ecological region, ordered from lowest to highest according to calculations from FIA
data. Mean values for all appropriate FIA plots within each section are shown with black dots, while mean across matching model pixels is shown
with open gray circles. Error bars denote the 95% confidence interval. All model means (and most of the model confidence intervals) fall within the
FIA confidence interval, but some model means are far below the FIA means
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Most ecological subregion and sections that were mod-
eled as having the greatest increases in live aboveground
carbon also had the greatest increases according to FIA
data (Fig. 14, Fig. 5), but the model also predicted that
several sections would have slightly decreasing live fuel
loads on average while the FIA data showed increasing
values (Figs. 4, 5) and the correlation coefficient between
modeled and observed rates was slightly negative
(—0.16). Unfortunately, much of the study region did not
contain ecological subregions with enough plots that fit
our criteria, so we have very little basis for the model val-
idation in California, Eastern Oregon and Washington,
Idaho, New Mexico, or Wyoming (Fig. 4A).

Differences between model and FIA data were not
randomly distributed geographically (Fig. 4C). Nota-
bly, along the West Coast, the model tended to under-
predict sections’ live carbon increases or even to predict
a decrease in live carbon where FIA data showed an
increase (Fig. 4). However, individual FIA plots show that
there are areas of the Pacific Northwest which have expe-
rienced decreasing stocks of live carbon as is modeled by
MC2, even if on average there is an increase (Fig. 4A). In
fact, most sections contain plots with a mix of increasing
and decreasing fuel loads (Fig. 4A).

For the rates of change of carbon in dead large wood
(standing dead trees for the FIA plots), the mean mod-
eled rates for each section were always within the
95% confidence interval for FIA plots within the same
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ecological section, though FIA and modeled data did
not always agree on whether mean change was posi-
tive or negative (Fig. 6). The correlation coefficient
between modeled and observed rates of change was
0.20. The median rate of change was between 0 and
0.02 Mgha'year™! for both datasets. Only 12% of eco-
logical sections had rates of change modeled within
0.02 Mgha'year™ of the mean calculated from FIA
data, while 83% of sections had modeled mean values
falling within the standard error of the FIA-calculated
mean. The two cumulative distribution curves have
strong overlap for subregions with negative or near-
zero changes in dead wood carbon, suggesting that
decay rates are modeled well at the scale of the study
area (Fig. 15). According to a two-sided KS test, the
two datasets are not from significantly different distri-
butions (p =0.22).

Compared to FIA data, the MC2 model showed a
narrower range in the rates of change in litter carbon
over time, although the modeled values fell within the
observed ranges (Figs. 7A, 16). The FIA estimates of
litter carbon are themselves derived from a set of equa-
tions rather than being based on direct measurements;
therefore, we also compared the percent change of the
MC2 modeled carbon litter to the percent change in
mean litter depth over time in order to compare the
model results to an actual plot measurement. This
comparison shows the model predicting higher rates
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Fig. 6 Change in the carbon of dead trees over time within each ecological section with sufficient FIA data. Mean values for all appropriate FIA
plots within each section are shown with black dots, while mean across matching model pixels is shown with gray circles. Error bars show 95%
confidence intervals. All model means fall within the FIA confidence interval, but often the signs of the means do not match
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section are shown with black dots, while mean values across matching model pixels are shown with gray circles. Error bars show 95% confidence
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of change in litter than the FIA data for most sec-
tions (Fig. 7B). Litter depth data were only available
from 1999 onward, so the propensity for observed lit-
ter depth change to be negative may be due to plots
entering a period where decomposition exceeds accu-
mulation, since a long time has passed since the most
recent disturbance and litter accumulation rates can
be highest in earlier years of regrowth (Keifer et al.
2006; Smith and Heath 2002). For some ecological sec-
tions, the rate of change in litter carbon was matched
fairly closely by the MC2 model, while in others, it was
either greatly overestimated or underestimated. For
both litter carbon and litter depth, model and FIA sec-
tion mean values were found to be from significantly
different distributions according to KS tests (p <0.01).

Literature search results

Long-term studies of vegetation changes, both repeat
measurements of study plots as well as analyses of repeat
photography, are available across a range of landscape
types in the western USA (Fig. 1). For some regions,
FIA provided the longest-spanning dataset (e.g., Eastern
Washington, Eastern Oregon). For most states, however,
the literature search showed longer records of forestry
plot and/or photographic data were available from other
sources (Table 1).

Many long-term studies using repeated measure-
ments of forestry plots showed an increase in tree
density, canopy cover, and/or basal area (Collins et al.
2011; Lydersen et al. 2013; Moore et al. 2004; Smith
and Smith 2005; Bakker 2005). Exceptions included
areas with increased tree mortality due to drought
stress, insects, and/or pathogens (van Mantgem et al.

2009; Allen and Breshears 1998) as well as some old-
growth forests where mortality of older trees was not
matched by recruitment (Franklin and DeBell 1988). In
some plots in Colorado, increased mortality rates did
not prevent an increase in live tree biomass (Chai et al.
2019). Sloan (1998) found that tree basal area nearly
doubled from 1850 to 1950 in an undisturbed area of
Central Idaho, then decreased slightly from 1950 to
1993 due to increased mortality (although this study
used tree rings and estimated year of death for dead
trees to reconstruct past forest structure, rather than
using repeat measurements). There is high spatiotem-
poral variability both in standing fuel loads and in rates
of fuel accumulation, especially for large fuels (Keane
2016).

Repeat photography studies have shown that for-
est homogeneity has increased since the 1940s in many
areas (Klasner and Fagre 2002; Lydersen and Collins
2018; Feldman and Gruell 2003). Repeat photographs
also showed increases in the extent and/or density of
many forests (Zier and Baker 2006; Weisberg et al. 2007;
Allen et al. 1998; Gruell 1980; Gruell 2001); examples
are shown in Figs. 8, 9, and 10. Colder forests show less
change over time (Hessburg et al. 2019).

Forest structure shifts over time, as well as total
cover and extent. Studies of forestry plots in the
Sierra Nevada of California found that large tree den-
sity decreased over 70years while small trees’ density
increased (Bouldin 1999; Dolanc et al. 2014). Other
Sierra Nevada plots also showed large increases (>3.5
times greater) in the number of small trees (<61 cm
DBH), while the density of large trees (>91.4cm
DBH) showed little change in the Yosemite area since
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A)

usgs.gov/news/yosemite-science , Photo B by Gabrielle Boisrame

B)

Fig. 8 Photographs of Yosemite Valley in California from 1892 (A) and 2011 (B) show denser forest and shrub growth. Source for A: https://www.

1911 (Collins et al. 2011) and even a decrease in the
more southern Sequoia National Forest since 1970
(Stephens et al. 2015). Repeat measurements of old
growth, undisturbed forests in Oregon and Washing-
ton showed increasing density of shade-tolerant trees
in many plots over time, even in stands over 100 years
old (Acker et al. 1998), demonstrating how understory
forest growth can continue for many years post-distur-
bance. Studies in California have also shown increased
density of small, understory trees in recent decades

(Dolph et al. 1995; Collins et al. 2011). Dense growth
of understory trees can be especially important to
increasing fire risk and fire severity as such fuels can
help propagate fires from the forest floor into the can-
opy (Allen et al. 1998; Schoennagel et al. 2004; Agee
and Skinner 2005). Unfortunately, the MC2 model
does not strictly simulate overstory versus understory,
including only competition for resources in forests
between herbaceous vegetation and trees, large and
small, but not including actual shrubs.

Top: U.S.Forest Service 1936
National Archives

Service National Archive (1936) and John F Marshall (2018)

McCully Creek, Wallowa Mtns.
Eagle Cap Wilderness, Oregon

Bottom: John F Marshall 2018

Fig. 9 Wallowa Mountains in Oregon. Photos from 1936 (top) and 2018 (bottom). Adapted from Hessburg et al. (2019). Original sources: U.S. Forest
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Fig. 10 Photos taken in Ross'Hole, Montana, in 1895 (A) and 1980 (B). Photos from Gruell 1983
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Changes to fuels are not limited to forested regions.
Historical data from the Jornada Experimental Range in
New Mexico showed increases in shrub cover between
1898 and 1963 (Grover and Brad Musick 1990), while
repeat photography showed juniper expansion in areas
of Arizona, Idaho, New Mexico, and Utah (Davis and
Turner 1986; Allen et al. 1998; Gruell 1986). Shrubland
expansion in the southwest can be attributed to mul-
tiple factors, including climate, grazing, changing land
use, fertilization effect due to increasing CO, concen-
trations, and fire suppression (Grover and Brad Musick
1990; Samuels and Betancourt 1982).

While most studies we found focused on tree charac-
teristics, some did discuss fuels. Coarse woody debris in
Oregon and Washington was found to accumulate at a
rate of 1.5-4.5Mgha'year™! (Sollins 1982). Assuming
that approximately half of total dry fuel mass is carbon
(as is done in the FIA dataset), these values are similar to
the largest increases in dead fuel types found by the FIA
data analyzed here, but larger than estimates from the
MC2 model (Figs 6 and 7).

Spatial patterns in fuel changes

The MC2 model shows spatial variation in the increase
of live aboveground carbon due to fire suppres-
sion (Fig. 11C). The direction of change in live fuels
(increase or decrease) generally matches between the
model and long-term observational studies (Fig. 11B).
Most of the modeled grid cells, and most observational
studies, show increased carbon loads over time. Spa-
tial variability of fire behavior (Fig. 2A) contributed to
the spatial variability in modeled fuel loads and their
change over time. Modeled spatial patterns in litter
changes are similar to those in live fuels (Figs. 11 and
12); this is consistent with observations of canopy
cover being positively correlated with fine surface fuel
loads, likely due to the canopy’s role in providing leaves
and fine branches to the litter pool (Collins et al. 2016).

Northwest model results versus observations

Long-term forestry plots in Oregon and Washington,
mostly located in the Western Cascades region, show
long-term decreases or no change in fuel loads. These
same locations mostly contain a mix of model grid cells
with increasing and decreasing values, although most
grid cells show increases (Fig. 11B). The lack of fuel
increases due to fire suppression in the Western portions
of Oregon and Washington (Fig. 11C) is consistent with
the literature stating that these wetter forests are climate-
limited rather than fuels-limited when it comes to fire
disturbance (Hessburg et al. 2019).

Southwest model results versus observations

In Nevada, Arizona, Utah, and New Mexico the MC2
model shows increased fuel loads due to fire sup-
pression in the areas that were covered by long-term
studies (Fig. 11C). This is generally consistent with
observational studies showing increased tree cover
in the mountains of northern Arizona (Bakker 2005;
Biondi 1999, 1996), the Great Basin of central Nevada
(Weisberg et al. 2007; Gruell 1986), and the Bonnev-
ille Basin of Utah (Yorks et al. 1992; Gruell 1986).
The increase in fuels within many parts of the south-
west is also consistent with observations of woodland
areas expanding (Weisberg et al. 2007; Zier and Baker
2006). Another study (Moore et al. 2004) also showed
increases in forest density that qualitatively match with
the MC2 model in Arizona and New Mexico, but many
of the 1909-1913 plots measured in that study had
been logged and therefore the increase in stand density
is not purely due to fire suppression. Historical stud-
ies showing increasing fuel loads in multiple regions
within New Mexico agree with model results (Fig. 11B,
C), except for one study which found decreasing vegeta-
tion cover due to drought (Allen and Breshears 1998),
though some model pixels nearby also showed decreas-
ing fuel loads. One study in Utah showed increases in



Boisramé et al. Fire Ecology (2022) 18:8

Page 14 of 34

A

Modeled Change in Live Aboveground Carbon Without Fire Suppression

-

- ~
0 125250 500 km

Modeled Change in Live Abo
- quemm— s "

ound Carbon With Fire Suppression

“

density or similar metric

]
C Modeled Change in Live Aboveground Carbon Due To Suppression
e PR o SR 3 A 1
washimgron, L 7 .

Fig. 11 Modeled change in live aboveground carbon from 1895 to 2010. A Model scenario without fire suppression. B Model scenario with fire
suppression. C Change attributed to fire suppression (difference between A and B). State lines are shown in gray. Studies in the literature search
are shown as squares (repeat photography) or circles (forestry plot remeasurements) colored according to observed direction of change in forest

Model Output

Change in Carbon
Mg/ha

Long-Term Studies
Change in Forest Density

o &
.- £ 8
& & O
[ 2- 01 E & o
AR

[ ]-01-01
[ Jo1-2
-
P

Forestry Plots O O
Repeat Photos [ ] []

tree density but decreases in total cover, due to a change
in the dominant species, making it difficult to determine
the direction of change in total fuel load (Yorks et al.
1994). The model gives mixed results on change direc-
tion in Colorado, while one repeat photography study
in Colorado’s San Juan Mountains showed increased
extent of forested area (Zier and Baker 2006).

California model results versus observations

MC2 matches observations of increased live forest
fuels in the northeast portion of California (Dolph
et al. 1995; Lydersen and Collins 2018) and through-
out the Sierra Nevada mountain range (Lydersen
et al. 2013; Collins et al. 2011; Dolanc et al. 2014; Ste-
phens et al. 2015) (Fig. 11). However, the model shows
roughly equal increases in fuels within the montane
forests of California under both fire-suppressed and

non-suppressed scenarios (Figs. 11 and 12), which
does not match with multiple observation-based stud-
ies which found that fire suppression was the primary
driver of these increases (Collins et al. 2011; Stephens
et al. 2015; Taylor 2000).

Idaho, Montana and Wyoming model results

versus observations

Montana and Southern Idaho generally exhibit increased
fuel loads due to fire suppression in the MC2 model,
which matches with observations of denser forest cover
from repeat photography (Gruell 1983; Butler and
DeChano 2001; Klasner and Fagre 2002; Gruell 1986).
Repeat photographs in Western Wyoming show a gen-
eral increase in forest area and forest density in areas
where growth is not restricted by soil type (Gruell 1980).
MC2 output also shows a large increase in fuel loads in
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this region (Figs. 11B and 12B) but does not attribute this
increase to fire suppression (Figs. 11C and 12C) since this
region was not modeled as experiencing a large amount
of fire in either the fire-suppressed or non-fire-sup-
pressed scenarios (Fig. 2).

Temporal patterns in fuel change

Having verified that the MC2 model is capturing large
scale trends in fuel behavior over time, we can use
the model to explore these large-scale fuel changes
at temporal resolutions that are not possible with
observed data alone. Time series of the changing fuel
load—aggregated across the entire study area—show
that not all types of fuel are expected to change in
exactly the same way or to change monotonically over
time (Fig. 13). In 1950, fire suppression in the model
begins to reduce the area consumed by fire (Fig. 13A).

The amount of dead wood carbon initially decreases
due to fire suppression since fewer trees are killed by
fire, but then increases as less dead wood is consumed
(Fig. 13B). In response to less fire, litter and live above-
ground carbon both begin to increase immediately,
but the rate of change plateaus or reverses course in
later years (Fig. 13C, D) as the difference in biomass
consumed each year approaches zero (Fig. 13A) and
potentially because accumulation rates are beginning
to equilibrate with mortality/decay rates. This initial
increase in modeled litter due to fire suppression, fol-
lowed by a slowing of the rate of increase, is consistent
with observations in Sierra Nevada study plots showing
that surface fuel accumulated rapidly in the first dec-
ade following fire, but then reached a stable state where
accumulation matched decomposition rates within
about 40-90 years (Keifer et al. 2006).
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Droughts beginning approximately in 1959, 1977,
1988, 2000, and 2007 (shown as vertical bars in
Fig. 13) affected much of the Western USA, though
to varying degrees (NOAA 2020). The MC2 output
appears to show that increases in live fuels due to
fire suppression are halted or reversed during these
droughts (Fig. 13D), with fire suppression’s impact
on litter loads also reducing slightly during most
droughts (Fig. 13C).

Discussion

Validating MC2 model output using FIA plot data

This study gave mixed results in terms of validating
MC2 model output. At the scale of the western USA,
changes in fuel loads over time were generally within
realistic ranges as calculated by FIA data (Figs. 5, 6,
and 7). However, spatial patterns of fuel load changes
did not always match between MC2 and FIA (e.g.,

Fig. 4). Specifically, the model tended to predict
decreases in live tree mass in the Pacific Northwest
region over periods when FIA data showed increases,
and throughout the Interior West, there were areas
where the model did not capture observed decreases in
live biomass (Fig. 4). The Pacific Northwest mismatch
could be due to the model overpredicting mortality
rates of older trees. Some of the model’s overpredic-
tions in live carbon accumulation could be due to the
fact that it is not capturing tree mortality events due to
causes such as drought stress (embolism is not simu-
lated in MC2) or insect outbreaks (which the model
does not incorporate). Plots with insect or disease
damage should have been removed from the FIA data
used for analysis, but some plots may have remained in
the analysis if damage affected less than 25% of trees
or if surveyors were not able to distinguish disease/
pest mortality from background mortality.
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We should not expect the model to exactly match
observations, especially since the MC2 model does
not incorporate information about actual forest distur-
bances (fire, disease, etc.), models potential vegetation
rather than incorporating actual land use information,
and assumes a fire occurs whenever conditions are
optimal. Another limitation is that accurate soils data
(which have an important impact on MC2 output with
regard to plant water availability) and weather obser-
vations can be difficult to obtain in montane forested
areas. However, we can expect the model outputs to
fall within observed ranges, which it did accomplish
within ecological sections and at the scale of the west-
ern USA. Given that MC2 was designed as a global
model, this scale appears appropriate to the model’s
original intent.

While the FIA dataset is impressive and unique in
terms of its large number of plots covering the entire
USA, only a relatively small fraction of those sites
could be used for our analysis of changing fuel loads
over time (Fig. 4). Although the FIA program began in
1929, standardized data that could be used in this anal-
ysis were only available beginning in 1978, and some
measurements (such as litter depth) were not stand-
ardized until 1999 (Burrill et al. 2018). A 20-30-year
observational record cannot capture the full extent of
fire suppression’s impact on forest fuels over the past
century. While we could not validate the full time
period of fire suppression, this dataset did allow us
to verify that modeled rates of change in various fuel
types are within realistic ranges, at least for the past
30years and within sections that contained enough
undisturbed plots.

Comparing fire and fuel trends in MC2 output to historical
observations

In Central Oregon, Utah, and the Southern Cascades
mountain range of California, the MC2 model quali-
tatively matches reductions in fire frequency over the
past century (Fig. 2B) that have been shown by fire
scars in dendrochronological records (Taylor 2000;
Voelker et al. 2019; Wadleigh and Jenkins n.d.). The
low levels of fuels changes in Sequoia-Kings Canyon
National Park in the southern Sierra Nevada, found
by Stevens et al. (2020a; see Fig. 1), suggest low pro-
ductivity, which matches with MC2 showing little fire
activity in this study’s area (Fig. 2A) as well as mini-
mal changes in live forest carbon over time (Fig. 11).
The model also appears to agree with fire scar recon-
structions in the Colorado Front Range showing that
fire suppression has only reduced fire frequency in the
lower elevations of that region, while most of the area
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had infrequent fires even prior to active suppression
(Fig. 2) (Sherriff and Veblen 2007).

While multiple studies have shown increased tree
density in Sierra Nevada forests due to fire suppres-
sion (Hessburg et al. 2019; Keifer et al. 2006; Collins
et al. 2011; Lydersen et al. 2013; Dolanc et al. 2014),
the MC2 model shows relatively little increase in fuel
loads directly attributable to fire suppression (Figs. 11
and 12). This could be due to how fire suppression was
modeled: the model shows little difference in fire activ-
ity between the suppressed and non-suppressed sce-
narios in the Sierra Nevada (Fig. 2B). This suggests the
model may under-predict the efficacy of fire suppres-
sion in the Sierra Nevada, especially given tree ring evi-
dence showing reductions in fire occurrence over the
last century (Stephens et al. 2007b). Some of this error
may be due to the relatively poor quality of interpolated
soil and weather data in mountain regions, which can
cause inaccuracies in fire behavior modeling by misrep-
resenting water availability. In other areas, such as high
elevation mountains in Colorado, the model results
showing minimal impact of fire suppression on fuels
(Figs. 12C and 13C) are consistent with observations
(Sherriff and Veblen 2007).

Repeat photography in Colorado showed increased
extent of forested area (Zier and Baker 2006), while MC2
shows a mix of increase and decrease in live fuels for that
same location (Fig. 12B). This could be partly due to the
observations showing regrowth following disturbances
(including logging and pine beetle outbreaks) that were
not modeled by MC2.

Areas where MC2 shows increases in carbon load
even without fire suppression could reflect increases
in forest density that are due to warmer tempera-
tures rather than (or in addition to) fire suppression,
especially in higher-elevation areas (Hessburg et al.
2019; Butler and DeChano 2001). One plot measure-
ment study found that forest density increased from
the 1930s to the 2000s even in high elevation forests
(>2500m) that have had minimal fire suppression
activity, suggesting that changing climatic conditions
may be partially responsible for increased forest den-
sities (Dolanc et al. 2014). Repeat photography studies
have also shown increases in forest density at the tree
line in both California (Vale 1987) and Montana (Klas-
ner and Fagre 2002; Butler and DeChano 2001) over the
past 50—80years, which could be due to the influence
of climate change.

Areas such as subalpine forests have climate-limited
fire regimes, rather than fuel-limited, and thus fuel
loads have relatively little impact on fire behavior in
such areas (Schoennagel et al. 2004; Steel et al. 2015;
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Hanan et al. 2021). The western USA contains a vari-
ety of climatic ecological subregions that cover a spec-
trum from climate-limited (mainly in northern areas)
to fuel-limited (Hessburg et al. 2019). The importance
of changing fuel loads to fire danger will therefore vary
greatly depending on location. There can also be high
spatial variability in fuel rates of change even within
relatively small areas, as shown both by the many areas
with intermixed pixels of positive and negative change
from the MC2 model (Fig. 11) and from some stud-
ies showing mixes of plots with increases, decreases,
and/or no change within the same study area (e.g.,
Taylor 2000). While this analysis focuses on the land-
scape scale, for many applications, it is important not
to forget about finer-grained heterogeneity that can be
caused by variations in topography, vegetation type,
and disturbances.

The MC2 model showed a range of increasing and
decreasing fuel loads in Oregon and Washington, with
fire suppression causing higher fuel loads in the East-
ern halves of both of these states (Figs. 11 and 12).
Unfortunately, none of the long-term studies found in
our literature search covered the Eastern portions of
Oregon or Washington (Fig. 1). A study of old growth
forests in Western Washington found slight declines
in tree density over time (Franklin and DeBell 1988),
which matches the MC2 model’s finding that some
areas of Western Washington forest decreased in live
tree carbon even with fire suppression (Fig. 11B).
Other long-term plots showed that biomass accumula-
tion could continue even 80years past the most recent
disturbance but that it leveled out over longer periods
(Duncan 2004). The MC2 model included almost no
fire in western Oregon and Washington for the 116-
year modeling period (Fig. 2), and thus, it is realistic
that these forests may have reached their peak biomass
under these undisturbed conditions, represented by a
combination of increases and decreases in MC2 live
biomass (Fig. 11B).

Both MC2 and observations showed large-scale
responses of live fuel loads to drought. Figure 13
shows that increases in live fuels and litter due to
suppression are partially reversed during widespread
droughts, which matches observations of reductions in
forest cover during droughts (van Mantgem et al. 2009;
Allen and Breshears 1998). However, these droughts
do not appear to slow the accumulation of dead wood
(Fig. 13B), and high numbers of dead trees following
droughts can potentially lead to higher severity fires
(Stephens et al. 2018).

The observations (from FIA and other studies) do
not directly show the causation for any increases or
decreases in fuel loading, since they are not generally
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part of controlled experiments; observed fuel loads
could vary for a variety of reasons related to fire, dis-
ease, climate, grazing, or other factors. However, some
studies have compared nearby burned and unburned
plots to show that increases in density are likely due
to fire suppression (Collins et al. 2011). In comparing
the model scenarios, any differences in fuels must be
due to fire suppression since that is the only difference
between the model scenarios. In many areas, stud-
ies of historical observations attributed increased fuel
loads to fire suppression while the MC2 model sug-
gested these increases were due to other factors. This
discrepancy illustrates that although multiple lines of
evidence agree that fuel loads in the western USA are
generally increasing, it can be difficult to attribute this
increase to a specific cause. At specific sites, local field
studies are more reliable than a global scale model,
but large scale models are still helpful in putting those
site-specific studies into the context of larger patterns
and for filling the gaps where observations are not
available.

Benefits and limitations of this study’s methods

The methods used in this study aimed to validate
model results using the most direct observations avail-
able of changing fuel loads over time. Other poten-
tial sources of information regarding past fuel loads
include studies that use space-for-time substitutions
(measuring multiple plots that have had different
amounts of time since the last disturbance and using
these data to determine the relationship between fuel
load and time since disturbance) or dendrochronol-
ogy (using tree rings to infer the number and size of
trees in a plot at various times in the past). Space-for-
time substitutions can be valuable for understanding
growth and decay rates but may not reflect actual his-
torical trajectories due to changes in climate. While
dendrochronology is a valuable tool for studying past
forest structure, any interpretation of such datasets
rely on multiple assumptions that are often not veri-
fiable (Swetnam et al. 1999). Using repeat measure-
ments (or photographs) rather than reconstructions
from dendrochronology or from space-for-time sub-
stitutions ensures that we are only measuring actual
changes, not inferring the change from another source
of evidence.

Due to the types of data available, the analyses pre-
sented here contain some important limitations. For
example, restricting our comparisons between FIA and
MC2 data to areas without disturbance means that our
analysis was spatially biased toward areas that are less
likely to burn. Our strict requirements for both the
FIA data comparison and literature search come at the
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expense of having a larger dataset. Also, variables were
not always defined exactly the same in the FIA dataset
and MC2 model.

Some mismatches between MC2 output and observa-
tions are due to necessary simplifications in the mod-
el’s representation of the landscape. For example, MC2
does not capture changes in land management (such
as altered grazing practices; Strickler 1961), invasive
species that may modify the fire regime (Balch et al.
2013), non-lethal pest outbreaks, or the fact that fire
suppression can lead to colonization by fire-intolerant
tree species in areas that historically burned frequently
(Stevens et al. 2020Db).

The long-term studies available were valuable for
their insights but did not provide consistent data that
could be quantitatively compared to model output.
Biomass data were not always available, so we were
required to use stand density, percent cover, or forest
extent as proxies for fuel load increases for many of
the studies from the literature search. We could have
used allometric equations to estimate biomass from the
measurements available in some cases, but this would
have resulted in very few data points for comparison.
Few long-term studies included measures of surface
fuels, although surface fuels can be very important for
initiating a potential crown fire (Stephens et al. 2012,
2009). The results from our literature search are also
not necessarily a comprehensive list of available histor-
ical measurements of fuel loads; there could be other
information that was missed.

Repeat photography is valuable because it is often
the only objective record available to show how a given
landscape has changed over long time periods (Webb
et al. 2010), but of course it can only provide qualita-
tive information. Also, historical photos must often
be chosen opportunistically, rather than photos being
chosen based on randomized selection criteria that
would avoid bias.

Fire suppression and the resulting tree density can
make forests more susceptible to drought stress, dis-
eases, and pests (Voelker et al. 2019). While increased
drought stress can be captured by the MC2 model, it
does not capture causes of mortality such as pest and
insect outbreaks. Many FIA plots removed from our
analysis showed large decreases in live tree biomass due
to disturbances other than fire (including disease and
insect damage) and corresponding increases in dead
wood mass much larger than those predicted by the
model (results not shown). Changing fuel loads and fuel
types due to widespread disease/insect mortality is an
important factor in forest management that cannot be
captured by this type of model (Stephens et al. 2018).
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Conclusions

The motivation for this analysis was to validate the com-
mon claim that century-scale fuel load increases have been
occurring in the western USA. Such increases—along with
climate change and human population factors—combine
to create the potential for large and destructive wildfires.
A major difficulty in validating models of fuel loads lies in
the fact that very little data exist extending back more than
three decades. However, combining information from the
FIA database and other long term forestry studies allowed
us to compare observations to MC2 modeled fuel loads
over a range of landscapes and time periods.

The MC2 model appears to match the distribu-
tion of changing mass of live and dead trees fairly well
at a large scale. However, the model’s changes in fuel
loads are generally difficult to validate due to a scarcity
of observations over long time scales. In those areas
and time periods where MC2 outputs of fuel trends
can be validated, there is generally a positive correla-
tion between the model and observations (except for
live aboveground carbon). While some ecological sec-
tions were modeled closely, others showed opposite
trends in fuel loads between the model and plot data.
The model tends to underestimate the maximum rates
of increase in fuel loads, except for litter. It appears
that the MC2 model can be used to capture general,
large-scale trends (which was the original intent of the
model) especially for carbon loads in live and standing
dead trees, but should not be expected to match obser-
vations at specific point locations.

Both the MC2 model and historical observations
demonstrate that there has been a widespread increase
in fuels over the past century. This increase is not com-
pletely ubiquitous across all of the western USA; areas
with climate-limited fire regimes such as Western Ore-
gon and Western Washington show the least increase
(and sometimes even decreases) in fuel loads over the
past century. While the model generally appears to
match trends in fire behavior, it appears to not be cap-
turing the extent of fire suppression in some areas (espe-
cially the northern Sierra Nevada of California, where
multiple studies demonstrate the impact of fire suppres-
sion on forest density) and therefore may be underesti-
mating the impact of fire suppression on vegetation in
those locations. Some of the fuel increases in the west-
ern USA may be due to changing climate, increased
atmospheric CO, concentrations, or simply natural suc-
cession, but a substantial amount of these increases can
be attributed to reduced fire frequencies.

Appendix A
Table 2



Page 20 of 34

(2022) 18:8

Boisramé et al. Fire Ecology

A=ssip
1305/81=|029e|0ydsb
=a1sbuo-bd; | Jogepzg

'910J9q Uyl Jaybly
3Je S3}ISUSP 3311 peap
Buipuels Alsusp aai
obie| Ul saseadap
Yum ‘Appeald paseanul
Sey saal} |[PWsS JO

L8PE2/8/L692e91PSese Aususp 1eyy moys BPEASN BlISIS 943
Jzoee/mainuado/uod 03 syoid A13s3104 JO VD ‘BpeASN JO s3sa10j Ul sabueyd
Jsanboid'mmmy//sdiy  Jaguunu abiej e pasn - Aljeriow 1ybnoip ‘aii4 661-5€61 1510} J941U0D 11315 UJSYLION 6661 Ulp|nog AINIUSI-Y1a11uam |
¢9€%0D
‘0°¢AdS%YYOd1D91c0ds $|00] BullolUOW
9%600(6661)1920-1501 159104 se SalOJULAU|
/0681°01/598/10p/W0d Ajsuap Jaquui] pareaday
A9|ImAleIgIRuUIiUO  puels JIaybly pue sael pue sa1bojouoiyd)
‘sieulnofesa//sdny ymmolb pasealdaq Bunsaniey oN 0661-0261 auld esosapuod 7V 'U0siead sno 6661 Ipuolg  Buly-9a4| bulledwod
'Sy61 9dUls
A}I[R1IOW Paseadu| B3ly [BINIBN UOSIESd
/6£57/NnPaNeu “Yimoib buuipap (1oday) SNO 91 JO 1UsW
‘9bpajmousiuado//sdiy  plemol puall [eJauan Bunsaniey oN 0002-0261 auld esosapuod 7V 'U0siead sno 1007 “|p 19 3|4 -2INSeaWY JIPOLISd
ep§8ca
/8088-0€/6-GeeE-leEq
-69}/5BR6=PIUSWNO0P
BASPPLEYYSELe-€)S L
-/755-88P4-CLE69TE | ‘pasealdsp Aiols 159104 dUld BSoIap
=DP|3|Y¢/IOMIIA/UIOD  -IPUN 3|IYM PSEIDUI (uon -U0d JO SolweuAQ
‘ASopusummmy//:sdny 19A0D AIOISISAQ  $10|d SWOS Uo buizeln 0071761 dUld BSOISPUOY 7V WIBYLON  -eLISSSIJ) SOOC 4oxpeg  uonelabap wiis] buoT
ed
1I2WY/-YLON-JO-AI01SIH
-95M-pPuULT-aY1-uo-59
A123d519d/A99Pd A/
G¢/Lceoepspgo8ss
/Sul/AUsWUOIAUT DUl
BueydINO~buipuels
J2pUNIOJIX2U0D)
T/ edlswy YUoNJo
~AI01SIH 9N puUeT 9yl Spuail pue ‘s1aS e1eQ
TUOTSaANDRdSIsd €76 wiia1-buo ‘sanbluyoa)
£05Ez/uonesngndAsis sojoyd 1eadal 1S91R1S PRNUN UID
Tsewoy] /a|yoid1sue)  WIOL) PRAISSO SQ ued -1S9MYIN0S a3 Ul
ebydIRISAIMMM//:SANY uojsuedxa Jadjunr i //61-6681 a|diyniy VSN 1S9MUIN0S 8661 ‘€19 U3y sobueyd adedspue]
Apms paysiignd
14N frewwns  Huunp aduequnisiq Apnis jo sieap adA) Bap uoibay 1eak pue Joyiny L

a3 Jo poliad JaBuUo| B PRISA0D JO UOIIRULIOJUL SWES 3U3 PapIAcId 1ey) UOIIO| SWeS SU3 U] S3IPNIS 12410 alam 213yl Ji | Bi4 ul papnpul
JOU 4B S3IPNIS 3533 JO SWOS "I} JSAO 190D 15104 Jo/pUe speoj [any buibueyd payauenb 1eyl punoj am saipnis wial-buoj [je jo Alewwns e saalb a|gel Buimo|jo) ay| g ajqeL


https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.researchgate.net/profile/Thomas_Sisk/publication/235079223_Perspectives_on_the_Land_Use_History_of_North_America_A_Context_for_Understanding_Our_Changing_Environment/links/5886bd5daca272b7b44cd66b/Perspectives-on-the-Land-Use-History-of-North-America
https://www.mendeley.com/viewer/?fileId=1326931b-fd88-5527-15f3-a7354491dd5b&documentId=9aa57f69-b3a1-3aa5-9730-a8087b28cfda
https://www.mendeley.com/viewer/?fileId=1326931b-fd88-5527-15f3-a7354491dd5b&documentId=9aa57f69-b3a1-3aa5-9730-a8087b28cfda
https://www.mendeley.com/viewer/?fileId=1326931b-fd88-5527-15f3-a7354491dd5b&documentId=9aa57f69-b3a1-3aa5-9730-a8087b28cfda
https://www.mendeley.com/viewer/?fileId=1326931b-fd88-5527-15f3-a7354491dd5b&documentId=9aa57f69-b3a1-3aa5-9730-a8087b28cfda
https://www.mendeley.com/viewer/?fileId=1326931b-fd88-5527-15f3-a7354491dd5b&documentId=9aa57f69-b3a1-3aa5-9730-a8087b28cfda
https://www.mendeley.com/viewer/?fileId=1326931b-fd88-5527-15f3-a7354491dd5b&documentId=9aa57f69-b3a1-3aa5-9730-a8087b28cfda
https://www.mendeley.com/viewer/?fileId=1326931b-fd88-5527-15f3-a7354491dd5b&documentId=9aa57f69-b3a1-3aa5-9730-a8087b28cfda
https://openknowledge.nau.edu/2539/
https://openknowledge.nau.edu/2539/
https://esajournals.onlinelibrary.wiley.com/doi/abs/10.1890/1051-0761(1999)009%5B0216:CTR​CAR​%5D2.0.CO%3B2
https://esajournals.onlinelibrary.wiley.com/doi/abs/10.1890/1051-0761(1999)009%5B0216:CTR​CAR​%5D2.0.CO%3B2
https://esajournals.onlinelibrary.wiley.com/doi/abs/10.1890/1051-0761(1999)009%5B0216:CTR​CAR​%5D2.0.CO%3B2
https://esajournals.onlinelibrary.wiley.com/doi/abs/10.1890/1051-0761(1999)009%5B0216:CTR​CAR​%5D2.0.CO%3B2
https://esajournals.onlinelibrary.wiley.com/doi/abs/10.1890/1051-0761(1999)009%5B0216:CTR​CAR​%5D2.0.CO%3B2
https://esajournals.onlinelibrary.wiley.com/doi/abs/10.1890/1051-0761(1999)009%5B0216:CTR​CAR​%5D2.0.CO%3B2
https://www.proquest.com/openview/aac2fa595d16ac697787c3d81b2d330f/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/aac2fa595d16ac697787c3d81b2d330f/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/aac2fa595d16ac697787c3d81b2d330f/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/aac2fa595d16ac697787c3d81b2d330f/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/aac2fa595d16ac697787c3d81b2d330f/1?pq-origsite=gscholar&cbl=18750&diss=y
https://www.proquest.com/openview/aac2fa595d16ac697787c3d81b2d330f/1?pq-origsite=gscholar&cbl=18750&diss=y

Page 21 of 34

(2022) 18:8

Boisramé et al. Fire Ecology

| |=30B)ISgR{ /108
115qe/[euinof/bio’jeu
InofAbojodaaiy//dny

6CL/L/L/L067-6661
/wod 1 dpurmmm//-dny

9=a1nol

BEECO0610C 0N
/68€E€’0L=I0P/JoM3IA
/wodoluladoy//sdny

1'€0100
-7153/0681°01/1INJ/10p
/WODA3|IMAIRIgI[Ul|UO

"2Jy-au4d ueyy

19yb1y a1om Speo|
|ony} 21y-150d s1eak | ¢
‘syo(d pauwing u| s1o|d
PaUINGUN Ul 3WI1 J9AO
paseaidul peoj [and
‘s|any

12b1e| 10 AjjeDadsa
‘Uole|NUWINDIE. 9Ny Ul
Aujigelten [ejodwaio
-neds ybiy st aey |

‘Aydesboloyd
1eadal buipnpdul
VSN UI21S9M $50108
abueyd a1ndNS
159104 JO M3IADY

(9n0qe) uip

-|nog se s3nsal Jejiwis
puno4 ‘(s10|d [eo1usp!
JO SJUSWIINSEIUISM
10U ‘suolbal Jejiwis
ul/m sabeiane pasn)
QW) J9AO 21N1dNAIS
15910} Ul sabueyd 1e
%00 01 V4 PUB LA

s10/d SWOS UO ail4

2oueqinisip ou

a|diynw

€00¢-1/61

¥00C-€661

(sabuel awiy
310 pue) 800T-ST6 L

speoj jan4

sjany Jo sadA ||y

s|dnn

VD ‘BPeASN BLIDIS

@'ty

suRIUNOW AY20y

VSN UISISIAA

VD 'BPRASN RIS

900C '€ 39 Jojio)

910¢ sueSH

6107 ‘|8 39 BingssaH

epeAsN
e1I3IS UISYIN0S

pue [e1UaD) 3Y1 JO
515910} J2JIUOD-PaXIW
pauingun pue pauing
Ul Uole|NWNDI. 3N}
90PHNS WJ91-HBUOT

5159104 U[RIUNOW
A320Y WIBYLION SN Ul
sjan4 puelpim Jo Aujig
-eliep [eiodwiaoneds
$159104 UBDLSWY
Y1ION UI1SaM JO
90U3l|1S3) UIaA0b A10)
-SIy 9dueqInisip pue
‘JUSWIUOIIAUS ‘1eWI|D

SOE61 =9W3

92UIs 'YSN VD 'epeASN
1315 941 Jo adedspue)

9yl SSOIOe 21n1doNiis

‘sjeuinofesa,//sdny woij exep 10|d pasn Seale SWOS Ul il S000Z-S0€61 $15210J J3J1U0D) UWISYHON-|eJIuUSD) 102 '|e 1@ duejoQ 152104 buibueyd
¢SO36¢C ‘1161 C1oAn

05IA8T%NSS|[BNUIAGZ  -B|21 J9A0D Adoued pue 5159104 J2IUOD

%1V I87%S5768-05 16T Aususp o211 19yb1y -PaXIW BPEASN elIdIS

%NSSI8C9%/C001L 010y pey a1y AIsASS MO Ymolf pjo ul 21nidnis

%19¢000-1153/0681°01 10 91y OuU Ylim sealy 159104 UO 21y pabeuew

/|IN}/10p/WoA3|IMmAle ‘K101UAUL J2qUIIY 19A0D gNJIys 1U923 pUB UOISN|IX

Igijauljuorsjeunofess 1161 e pajduies-ay s30]d aWos uo 2114 /0071161 PuUB qloj ‘S9a1} Jaj1u0D) VD ‘BPRASN BLIDIS 1 10T |e 3@ suljjod 31y Jo speduw|

sbuey 104 OpeIojoD)

9U3 Ul 152104 2uId|egns

e Ul plodal1o|d 1uau

'S9311 AI| Ul SSPWIOIQ -ewlad Jeak-p¢ e

Bujsealoul jo pualy e J9A0 SSBUIOIQ 9341 dAl|

0S|e Sem aJayl 'swin U1 sabueyd sduanyul

€200-6102-4P J9A0 $318l AJjjR1IoW Humes olydespbodoy

/6€11°01/BI010p//:5dny paseanul audsag  susboyied pue s1oasul 9107-7861 15910} auidjegng oD 6107 1232 YD pue SOIWeUAP puels
Apmis paysiignd

14N fArewwns  Buunp aduequnisig Apnis jo sieap adAy Bap uoibay 1eak pue Joyiny anIL

(panunuod) g ajqey


https://doi.org/10.1139/cjfr-2019-0023
https://doi.org/10.1139/cjfr-2019-0023
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES11-00026.1%4010.1002/%28ISSN%292150-8925%28CAT%29VirtualIssue%28VI%29ECS2
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES11-00026.1%4010.1002/%28ISSN%292150-8925%28CAT%29VirtualIssue%28VI%29ECS2
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES11-00026.1%4010.1002/%28ISSN%292150-8925%28CAT%29VirtualIssue%28VI%29ECS2
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES11-00026.1%4010.1002/%28ISSN%292150-8925%28CAT%29VirtualIssue%28VI%29ECS2
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES11-00026.1%4010.1002/%28ISSN%292150-8925%28CAT%29VirtualIssue%28VI%29ECS2
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES11-00026.1%4010.1002/%28ISSN%292150-8925%28CAT%29VirtualIssue%28VI%29ECS2
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES11-00026.1%4010.1002/%28ISSN%292150-8925%28CAT%29VirtualIssue%28VI%29ECS2
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES14-00103.1
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES14-00103.1
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES14-00103.1
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES14-00103.1
https://kopernio.com/viewer?doi=10.3389/fevo.2019.00239&route=6
https://kopernio.com/viewer?doi=10.3389/fevo.2019.00239&route=6
https://kopernio.com/viewer?doi=10.3389/fevo.2019.00239&route=6
https://kopernio.com/viewer?doi=10.3389/fevo.2019.00239&route=6
http://www.mdpi.com/1999-4907/7/7/129
http://www.mdpi.com/1999-4907/7/7/129
http://fireecologyjournal.org/journal/abstract/?abstract=11
http://fireecologyjournal.org/journal/abstract/?abstract=11
http://fireecologyjournal.org/journal/abstract/?abstract=11

Page 22 of 34

(2022) 18:8

Boisramé et al. Fire Ecology

X"€5€00°0002°669C
-59¢1°f/901°01L/6410

JOAOD
19111 pasea.dul Moys
05| 50104 "S15910} JY
paJ Ul abueyd a1| INg
5159104 J14 SUYM pue
duld A14ar Ul Aususp
PaseaIdUl MOYS
SpJodal bul 2311 pue

V'S ‘eluiojed

“1ed [BUOIIBN DIUBD|OA
uasseT ‘'sapedse)
UJaYInos ay} Jo 515210}
suejuow Jaddn pue
plw Ul sabueyd 153104

lop//:isdny  Aydesboloyd 1eaday SUON €661-5761 15910} J941U0D VD ‘sapedsed) oS 0007 JojAe] pue sawibal ail4
‘Aydesboroyd
1eadas Buisn 4aA0D 1}
JWXGLO-E16 -] PaseaIdUul Se [|om se
19607508/6/S10-€16 ‘s9a11 abe| Jo Alljeriow ,SW915A5003
19607508.6/€161960C SUIOS pUR TUswlinIda) seluiojlied ur i,
G08/6/5400G/M3IA/WO0D O S|9A3| ybiy ‘Alsusp 8107 40 71 "YyD "uoibalolg
J91ANIBapMMM//sdily 9311 Bulsealdul SMoys SUON £661-5761 15910} J941U0D) VD ‘sapedse)) ‘oS ‘JojAe] pue Jauups S9pEISeD) UIaYINos
"9duasaid gnuys
yum sio|d jo saquinu 21Yp|Im
93 Ul 95e310U| 'S9911 pabeuewl JO sieak /{
5-68700 abJe| jo Aysuap ul Buimol|os AbojoIpAy
-020-120015//001 asea1d9p AIsuap 233 9oeJINS pue abueyd
‘01/blo1op//:sdiy |B101 U] 95B210U] 14DIIS s10|d 9WOS U0 2114 /102-0/61 SQnIYS ‘s9.3 1341U0D VD 'BpPeAdN BLIBIS BOZOT “|e 19 SUIAIS U011R103A 159104
'6C6l
01 paJedwod 8//00¢ buibbo| pue uoys
ur12yb1y sem JaA0d -saiddns a1y buimojjoy
Adoue) -buibbo| Jaye sabueyd wia3-buo)
5189k 08 ~ Yimolibal pUE SUOIIPUOD 3JUD
Buimoys 8//00¢ yum -1949Y :$159104 J94IUOD
8CTEO0EL/TLLB/E0S — 'UOHIPUOD DURI! -paxiw ul sdeb pue
/Ild /321148 /20U3105 /UI0D e Se paleal) sem sdnoib 9211 Jo sulened
“1D2UIPIDUIIDS MMM (Bbuibbol-aid) 6761 s10(d ||e ‘buibbo 8007-6761 S9911 J941U0D VD 'epeAdN elIaIS €107 '|e 32 U3SIDPAT] |eneds buikynuenp
Jable| Aydeiboloyd |eray
MaIb 15210} SSUIP JO Aleiodwauo)) pue
saydied snonupuod |BD1IO3SIH UO paseg
G-GZ7O0  pue’pasealdul JSA0D adedspue paisaio
-810-120015//001°01 152104 35USP YIM (soroyd |euae 8107  9bJe e IaAQ Suldlied
/w0 sbundsyull//dny e3.e JO JUnowle ay | Seale aWOS Ul 14 50071161 BIA) 159104 13j1U0D VD ‘BPRASN BUIIS  SUI|OD puUB USSISpAT  uoneisbsp ul abueyd
"saydied
Bunsixs ulyum Aysusp V'S ‘eURIUOW
9311 Ja1ealb pue saaiy i [eUOIIEN J31DB|D
foleld Yum eale 121ealb o} (L661 1e SuJa1ied dulPaI|
€002 1’2007 0SY0ETS | anp paseanut Al 92UBUAUEW/UON 01 /76| WOl soroyd (dulj2an Jeau) auidy ul sbueyd
/0801°01/Blo10p//:sdny -suabowioy 15210 -DNJISUOD |IR41/peoY WO0S) 1661-S¥61 5159104 apniije-ybiH 1W 00T 21684 pue Jausepy 4O AINua) JleH v
Apmis paysiignd
14N fArewwns  Buunp aduequnisig Apnis jo sieap adAy Bap uoibay 1eak pue Joyiny anIL

(panunuod) g ajqey


https://doi.org/10.1080/15230430.2002.12003468
https://doi.org/10.1080/15230430.2002.12003468
https://doi.org/10.1080/15230430.2002.12003468
http://link.springer.com/10.1007/s10021-018-0225-5
http://link.springer.com/10.1007/s10021-018-0225-5
http://link.springer.com/10.1007/s10021-018-0225-5
https://www.sciencedirect.com/science/article/pii/S0378112713003228
https://www.sciencedirect.com/science/article/pii/S0378112713003228
https://www.sciencedirect.com/science/article/pii/S0378112713003228
https://doi.org/10.1007/s10021-020-00489-5
https://doi.org/10.1007/s10021-020-00489-5
https://doi.org/10.1007/s10021-020-00489-5
https://www.degruyter.com/view/books/9780520961913/9780520961913-015/9780520961913-015.xml
https://www.degruyter.com/view/books/9780520961913/9780520961913-015/9780520961913-015.xml
https://www.degruyter.com/view/books/9780520961913/9780520961913-015/9780520961913-015.xml
https://www.degruyter.com/view/books/9780520961913/9780520961913-015/9780520961913-015.xml
https://www.degruyter.com/view/books/9780520961913/9780520961913-015/9780520961913-015.xml
https://doi.org/10.1046/j.1365-2699.2000.00353.x
https://doi.org/10.1046/j.1365-2699.2000.00353.x
https://doi.org/10.1046/j.1365-2699.2000.00353.x

Page 23 of 34

(2022) 18:8

Boisramé et al. Fire Ecology

1oys
'6E8Y1/5C/56/3U2IU0D

/Bioseudmmmy//:sdny

OrSLL9Y/C91/2/0S/3l
J114B/35U3ID515210}/UWI0D

‘dnodiuspede//sdny

Les/eles/ece
/AU21u0D/bi10"beWad

Ua12s'92udRs//sd1y

X'1¥71009}
/861'90€8-/9vL/LLLL
‘01/5Ge/10p/Wi0IA3|IM
‘Klelqauljuoy//sdny

810
"€0°S007°02210§1/9101
‘01/bio1op//sdiy

IR YOIWALIL
/€601°01/610710p//:sdny

1ybnoip e bul
-Inp ApaInb papadal
152104 auld esosapuod

RN
9ZIS J3||BWS PIBMO]}
pPaYIYS Si212Welp 3.3
‘Aj1eab paseanul
AJISUIp pueis

‘pouad

Apnis ay1 bulnp
Ajpybis paulpap syoid
Apnis ayi Ul eale [eseq
pue A1ISUap 9911 UeS|y
"sobuel UONRAS|S pUP
S355B[D 9ZIS SS0I08
paseanul AljeLop

$92.1) Aq payde0IOUd
Us9q 9ARY SMOPPaW
‘A1ISUSp Ul paseaidul

SABY SUl| 15910}
Jaddn sy 1e $352104

‘pouad Apnis Jeak 07
3U3 J9A0 pasealdul
e3le |Bseq J9juod
3)Iym ‘pasealdap

10 3|ge3s paulewsal
Alsuap uadsy

‘Had.9¢€
130 53311 JO BWIN|OA

Ul 958310Ul 967€-€ |
||B49A0 Ue 01 Buipes|
! Jusuodwod Jaquii}
-MES, Ul UOIIDNPaJ 949
1NQ ‘s9311 ||ewls Jo AlIS
-USp paseaidul Moys
SJUSWIAINSeaW 1eaday

1ybnoip G/61-5¢€61
s10(d ||e ‘Buibbo 6661-6061
(v661

01 656 woij pabuel
$31ep JUSWINSeaW

auld esolapuod

auld esolspuod

P|O S1BRA 00T < S152104

(SUl[2811 JBU)
$159104 apny|e-ybiH

$19j1U0D pue uadsy

5159104 J9JIU0D

ODIXIN MIN

WN pue zv

(zv'0D'dl'VM
'HO VD) VSN Uia1sam

VD ©UWSSOA

0D

VD
'S9peISeD JO IPIS I5eT

8661
SieaYsalg pue us||y

00 “[e 12 2100

600¢

‘ele C\_wmucﬂ\é UeA

/861 9[_A

SO0C YHWS pue yiws

S661 e 32 ydjod

UOlJeLIeA 31BWID
0} asuodsal adedspue)
pidey :2u01009 pug|
-pOOM-15310} B JO

1Iys paonpul-iybnoig
515210} uld

PSOISPUOJ UJ21SaM
-U1nos Ul 510|d Jusauew
-194 uo uopisodwod
puP 3JN12NJIS 153104
Aiejodwialuo)) pue ed
-1J01SIH JO uosyedwod

s91e15
paluN UISISSAA 24 Ul
saley Aljenop 9l JO

95e3.0U| pealdsapim

eluiojijed “ied
[eUOIIBN 31IWSSOA JO
suoneasd ybiH ayx

u1 sasodind yieq pue
abuey) uopersbap
VSN ‘opelojo) ‘nesie|d
21byedwodun ay3y uo
Spuejs Jajiuod/uadse
paxiw pue uadse aind
Ul 9duBUIWIOp Uadse
Ul 9bueYd JeIA-A1USM |

2dA| auld

apIsIses ay1 ul bumnd
|ered Jo sjona) buikien
01 spuels YImouh-plo
4O 9suodsal wiay-buo

4N

frewwng

pagunisipun 154Y) ¥00C—1861 ~
G861-0061
{SUON €00C-6£61
SUON l661-8¢61
Apmis
Buninp a>uequnisig Apnis jo sieap

adA) bap

uoibay

paysiiqnd
1eak pue Joyiny

SlML

(panunuod) g ajqey


https://doi.org/10.1093/wjaf/10.3.101
https://doi.org/10.1093/wjaf/10.3.101
https://doi.org/10.1016/j.foreco.2005.03.018
https://doi.org/10.1016/j.foreco.2005.03.018
https://doi.org/10.1016/j.foreco.2005.03.018
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1467-8306.1987.tb00141.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1467-8306.1987.tb00141.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1467-8306.1987.tb00141.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1467-8306.1987.tb00141.x
https://science.sciencemag.org/content/323/5913/521
https://science.sciencemag.org/content/323/5913/521
https://science.sciencemag.org/content/323/5913/521
https://academic.oup.com/forestscience/article/50/2/162/4617546
https://academic.oup.com/forestscience/article/50/2/162/4617546
https://academic.oup.com/forestscience/article/50/2/162/4617546
https://www.pnas.org/content/95/25/14839.short
https://www.pnas.org/content/95/25/14839.short
https://www.pnas.org/content/95/25/14839.short

Page 24 of 34

(2022) 18:8

Boisramé et al. Fire Ecology

sydesboroyd
¢861-1/81 Woysuon

Y66CE 21Yp|im passaid -e1210491ul :Sa13D0Y
/sqnd,/yaieasaann/nob - -dns 01 anp pasealdul UJIBYHON 943 Ul spualy
"BPSN'SyMMM//:SA1Y uone1ban Apoop 7861-1/81 159104 |IA ‘S9PD0Y UJSYLION €861 |[oNID 9A11B19D2A pue 2114
‘Spue|gNIYs/sselb ojul
$9311 JO JUSWIYDROIDUD
WOS Sem alay |
"S9DURGINISIP WO} Aydesboloyd 1eadal
K1an0d31 se Ajjened Buisn sisAjeue uy :opel
670 "JUSIX3 Ul paseasnul -0]0D) ‘SUlRIUNOA Uenf
"70°9007°0233105 (/9101 $93J1 snonpidap spuejsseld ‘'s15210) ueg ay1 Ul abueyd uon
‘01/blo’1op//:sdny puB SISHUOD Yl0g  SodURGINISIP Bulkiep 0002~-006 1~ uadse pue Jajuod e}) 9007 Jo¥eg pue ialy7 -e1oban Jo Ainuad
‘paseadUl Asusp
QnJyS pasealdul JISA0D
9 Sselb pue gniys
‘(UMOID JaMOUIeU)
|=92uanbas uoAuid o1 Jadiunf wouy 6361
4pd'gd-1-9€88-5568 19M03 9213 Ul YIYs O} -€€61 Uaamiaq A3]jep
/69€779/05101/3|puey  anp ‘pasesidul Alisusp auld syein ulaisem
/Wiealisiig/npareu 3|Iym pasealdsp spue| Ul spuejpoom Jadjun(
oziekioysodal//sdny I9A0D 94 931 Buizelo 6861-€€61  -poom Jadiunf-uoAuld 1N UIDISIAN 7661 '|e 19 SYHIOA -uoAuld ul sabueyd
(cw/sqnuys)
PaseaIdapP sgnIys
Jo AlIsuaq 4an0d 6861 pue
gnJys u aseainul €661 Usamiaq A3|ep
G8/8/MIIA/BPILE  SWOS YIIM ‘pasealdul dUld SYein UIa1sam Jo
/uif/dyd-xepul/npaeu Ajeaib sasselb SpuUe|gNIYS 1asap Ul
ozlieen'sjeulnof//sdny Jo 1anod Adoue) Bujzein 6861-€€61 pue|gnIys 19saJ 1N WIS 7661 1212 SHIOA  SIOURIIYIP UONRIDOIA
‘uoissalddns
1Y pue (I2A0D sselb
Bunedwod bupnpay) S9dUBN|JU|
Buizeib 01 anp sqniys pue sasned) a|didulid
Jpd pue $321) 0} 3dUBU 1S3\ UlRIUNOWIRIU|
‘90zbulAUTsgnd/wl -luop Sselb wioly uols uoyssald (AM LN AN LN ‘Al QY3 Ul suondnu
/SN PRy SyMMM//:sdny -s920ns peaidsapipy - -dng il pue buizein 7861-8981  siueid Apoom snopep 1S9/ UIRIUNOW-IS)U| 9861 [[oNID 199 3NN 006 1-350d
‘eale BPRASN [elIudD) Ul
pUB|POOM U 953IDUl uolsuedx3 pue|poop
|'2H¥2T-50 91 | UR PaMOYS SO} spug| Jadjunr—uoAuld
/LLLZ0L/Biotop//sdny  -oyd jeuse jo sishjeuy 12 §661-9961  -poom Jadiunf-uoAuid AN [BlJU=D £00¢ '[e 32 B1agsiam 4O suialled [eneds
Apmis paysiignd
14N fArewwns  Buunp aduequnisig Apnis jo sieap adAy Bap uoibay 1eak pue Joyiny anIL

(panunuod) g ajqey


https://doi.org/10.2111/05-224R2.1
https://doi.org/10.2111/05-224R2.1
https://www.fs.fed.us/rm/pubs_int/int_gtr206.pdf
https://www.fs.fed.us/rm/pubs_int/int_gtr206.pdf
https://www.fs.fed.us/rm/pubs_int/int_gtr206.pdf
https://journals.uair.arizona.edu/index.php/jrm/article/view/8785
https://journals.uair.arizona.edu/index.php/jrm/article/view/8785
https://journals.uair.arizona.edu/index.php/jrm/article/view/8785
https://repository.arizona.edu/bitstream/handle/10150/644369/8955-8836-1-PB.pdf?sequence=1
https://repository.arizona.edu/bitstream/handle/10150/644369/8955-8836-1-PB.pdf?sequence=1
https://repository.arizona.edu/bitstream/handle/10150/644369/8955-8836-1-PB.pdf?sequence=1
https://repository.arizona.edu/bitstream/handle/10150/644369/8955-8836-1-PB.pdf?sequence=1
https://repository.arizona.edu/bitstream/handle/10150/644369/8955-8836-1-PB.pdf?sequence=1
https://doi.org/10.1016/j.foreco.2006.02.049
https://doi.org/10.1016/j.foreco.2006.02.049
https://doi.org/10.1016/j.foreco.2006.02.049
https://www.fs.usda.gov/treesearch/pubs/32994
https://www.fs.usda.gov/treesearch/pubs/32994
https://www.fs.usda.gov/treesearch/pubs/32994

Page 25 of 34

(2022) 18:8

Boisramé et al. Fire Ecology

YCC1'CsI9/¢001

ymoilb sybram

-1no Ayljeyow ybiy
USYM P|O SIeaK 00 ~
[lUn 9seaDUl D) 19U
dARY [|13S S152104 INQ
JaMO[s D 1e|NW

syoid

s2dA1 Auew

@vo

Auanonpoid pue
‘Alunwiwiod jue|d ‘obe
pUuRIS JO 9]0 1S1S310)
1SOMULION DYided Ul
S31eJ UOIIB|NWINDOR

‘0L/wodAsmiop//diy -NJ2B S33/1J9P|0  SWIOS U0 3dUeqInisip £007-€661 ‘59311 pesp pue 3l VM "J0) MN Dyided 9107 “[e 38 Aeig pue $Y201s UogIeD
(uaw
-1InJda1 Ag paydiew
150W[e SeM SIY}
ybnoyy) pouad Apnis
ay1 buunp paip swa1s
[BUIDHIO 943 JO 9% C
pue ‘piemdn paylys
uonNgUISIp J3sWelp 15910} eONS] -eBNSIOP
3y ‘Ausuap 211 Ul -N3sg yimoib-plo ue
€60-88X  dUI23P 1YDI|S pamoys 8861 Ul abueyd uopendod
/6€11°01/Bio10p//:sdny 152105 ymmoib pjo pagunisIpun €861—/¥61 SI9UOD VM ‘obuey spedse) |99 pue ulpueld 233 JO SIeA XIS-AUIY |
“9dUeqUNISIP
-150d s1eak g Jaye
USA3 3NUIIUOD Ued
UOI1B|NWINDIE SSeWolg
'S4SN 3u1 4o uoibal
MNd 241 Aq psbeuew Wl JO aN|eA
9569 "YM pue Yo ul siold a3 pue siod Apnis
/sqnd/yaieassai/nob  Ansaio) wis) buoj Jo (sio9beURW JOJ UOIEDI|  JUSURWISY :BUOIA o9
BPSN'SyMMM//:sAY slomsuesialRyl  Saduequnisip Bulkiep 2007-0161 sadAy 152104 3jdi NN (VM 'HO) MN d4Ioed  -gnd S4) 00z uesung 1,UeD) $3311 000’001
SISAjeuy pue p1oday
oiydelboloyd ;| awin
-|OA - ButwoAp 159104
[eUOIIBN UO33|-12bpLIg
/56/S91990pleg/npansn ysnigabes pue L¥61 03 Joud sadA1 gnuys 91 UO 1e1qgeH 41 PIIM
‘suowwiod[ebIp//:sdny SI9JIUOD Ul S35BAIDU| A]ASOW ‘saily awog G/61-7/81 pue 2.3 a|diny AM 0861 [|2ND Uo 32UaN|u| 2114
(SEIRES) SINOMOOT 344
Buipada1 buipniour) NOY4 AHdVYYDOOLOHd
sbuey s1ewnp pue 1¥3d3Y HONOYHL
uojssauddns a1y Jo INJWSSISSY NV YNVL
¥/ UOIBUIQUIOD B 0} NP syuswdolanap d1usb -NOW “MHVd T¥YNOILYN
r901°1007°979¢2/20 Al uaixe pue Aiis  -odoiyiue ‘uoissadal L00Z  43DV1D NI IDNVHD
/0801°01/PIOI0P//SAdNY  -USp 152104 Pasealdu| |ee|b ‘sayoueleny S0661-5€61 159104 SULIUO 1N oueyda pue Jajng IVINIWNOYIANT
Apmis paysiignd
14N fArewwns  Buunp aduequnisig Apnis jo sieap 2dA) 6ap uoibay 1eaf pue soyiny SpIL

(panunuod) g ajqey


https://doi.org/10.1080/02723646.2001.10642744
https://doi.org/10.1080/02723646.2001.10642744
https://doi.org/10.1080/02723646.2001.10642744
https://digitalcommons.usu.edu/barkbeetles/95/
https://digitalcommons.usu.edu/barkbeetles/95/
https://www.fs.usda.gov/treesearch/pubs/6956
https://www.fs.usda.gov/treesearch/pubs/6956
https://www.fs.usda.gov/treesearch/pubs/6956
https://doi.org/10.1139/x88-093
https://doi.org/10.1139/x88-093
http://doi.wiley.com/10.1002/ecs2.1224
http://doi.wiley.com/10.1002/ecs2.1224

Page 26 of 34

(2022) 18:8

Boisramé et al. Fire Ecology

Jpdop-di
~so~mud/sgnd/mud
/SNPaYSyMMM//:sd1y

1'6£€00
-7153/0681°01/1IN}/10p
/WOdAS|IMAIRIgI[2UI|UO
‘sieulnofesa//:sdny

€00-C8%/6€1L L
‘0l/10p/wodssaidy
2JB3SUUUMMM//:ANY

“Juswabeuew

abuel paroidwi 01
aNp s1eaA 0z Y1 IaA0
pasea.dul JaA0d ‘Han
pue ssewolq [p10|

Jan0d Adoued pue
‘9duBUIWOP JY ‘AlISUSp
9911 Ul $952.10Ul
puno4 ‘suonedo| joid
10BX2 WS 9Y1 10U
ybnoya ‘ease sawes

Ul SOLOIUSAUL /|4
ulapow pue sAsains

| 161 Ag painseaw
19A0D Adoued pue
Aususp 9211 pasedwiod

"uole|NUINdIe Uey}
JaMOIS a1l Aedap
UM “|10S |edoulW

3y1 01 A12311p 51001
1919Welp-abie| Jo

| —ieak-| —ey-by €1
—€°0 pue Jooy 15210}
241 01 saypueIq

pue $3|0q JO

| —ieake| —ey-bW Gy
~G'| JO Jajsuel) Ja1jeul
-KIp Ul pa1nsai

puizeio

9oueqINISIP 33| KIaA

9561-8¢61

S00C-L16l

SQNIYs/spue|sselo

152104 12J1UOD PXIW
pue auid esolspuod

<[0]
‘SUIRIUNOA BAO| AN

VD ‘sep
-BASN BAIBIS UIBYINOS

uobaiQ uiaises ul
pue|ssels) auidjegng e
uo sabueyd uonipuod

1961 49PPIIS 105 pue uone1aban

epeAsN
e1I31S UISLINOS SY3 Ul
2IN12NJIS 153104 JSJUOD
paxiw pue auld esosop
-uod s|eds-adedspue)

S10Z e 12 suaydals  1USLND pue [edLIoISIH

uoibulysep

pue uobalQ ulaisam
Ul SPUBIS SNOJSJUOD Ul
Sgap APOOM 95180

AJjeriow a3l pagunisipun ueds 1eakop—9|  SHUGIP APOOM 35180D) (VM'HO) MN dyided 7861 sul||os Jo Aedap pue nduj
Apnis paysiignd
14N Aewwng  Buunp aduequnisigq Apnis jo sieap 2dA) bap uoibay 1eak pue Joyiny ETHIR

(panunuod) zajqel


http://www.nrcresearchpress.com/doi/10.1139/x82-003
http://www.nrcresearchpress.com/doi/10.1139/x82-003
http://www.nrcresearchpress.com/doi/10.1139/x82-003
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES14-00379.1
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES14-00379.1
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES14-00379.1
https://esajournals.onlinelibrary.wiley.com/doi/full/10.1890/ES14-00379.1
https://www.fs.fed.us/pnw/pubs/pnw_os_rp-40.pdf
https://www.fs.fed.us/pnw/pubs/pnw_os_rp-40.pdf
https://www.fs.fed.us/pnw/pubs/pnw_os_rp-40.pdf

Boisramé et al. Fire Ecology (2022) 18:8

Appendix B

In order to provide a more detailed comparison of the
distributions of FIA and modeled data, we used cumu-
lative distribution curves as suggested in Riemann et al.
(2010). These curves are created by calculating the
mean rate of change within each region, ranking these
mean values from the smallest change in fuel load (or
most negative) to the greatest change, then dividing
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obtain a value between 0 and 1. Values are then plot-
ted with the fuel load change on the x-axis, and the
rank (normalized to be between 0 and 1) on the y-axis.
These plots allow us to show how the distribution of
change values varies between the modeled and FIA
data. We show results using two scales: ecological
sections and ecological subregions contained within
those sections.
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Fig. 14 Cumulative distribution of modeled (squares) versus measured (circles) rates of change in live aboveground carbon. Each point on the
curve represents the mean within an ecological section (A) or subregion (B). Points are colored according to the ranking of the FIA data from most
negative to most positive rate of change, such that if regions'rates of change were ranked exactly the same in each dataset the color pattern would
be the same for both curves. The largest positive rates of change are shown in pink for both curves, showing that both datasets agree as to the
group of subregions with the fastest increases in carbon mass over time, but the color mismatch at the left end of each curve shows that those
subregions that the FIA data shows to be losing the most live carbon are not captured by the model
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curve represents the mean within an ecological section (A) or subregion (B); points are colored based on that subregion’s rate of change according
to the FIA dataset
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Figure 16
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Fig. 16 Cumulative distributions of the rate of change in litter carbon at the ecological subregion scale. Model results are shown as squares, and
plot measurements as circles. Results are shown in terms of Mg ha~'year™' (A) and as % change per year in litter depth for FIA and litter carbon for
the model (B). Each point in the cumulative distribution is colored by ecological subregion such that if the order of ecological subregions from most
negative to most positive change was the same in both datasets, the colors would match for each y value. The fact that most points with negative
changes are in green for both datasets in (A) shows that most (but not all) of the ecological subregion's changes have the same direction of change
for both datasets
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Appendix C

The maps in this appendix show the results of doing anal-
yses at the ecological subregion level rather than larger

ecological sections.
Figure 17
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FIA Plots
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Fig. 17 Change in live aboveground carbon (Mgha™'year~") in all FIA plots with no disturbance and at least 10years between remeasurements.
Ecological subregion is outlined in gray; those containing at least 6 plots are shown in the color corresponding to mean change among all plots.
Small gray dots show the locations of other FIA plots that did not have disturbance-free data spanning at least 10years
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Figure 18
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Fig. 18 Percent difference between modeled and FIA estimates of the rate of change in live aboveground tree carbon, at the ecological subregion
scale. Blue: The model estimated slower increases (or greater decreases) over time than the FIA data. Yellow: The modeled slope of C/year was
within 20% of the FIA estimate. Red: The model estimated a greater increase (or less of a decrease) in carbon than shown by the FIA data

Abbreviations
FIA: Forest Inventory and Analysis; FIADB: Forest Inventory and Analysis Data-
base; DBH: Diameter at Breast Height.
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