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Salvage logging has been proposed to reduce post-fire hazardous fuels and mitigate re-burn effects, but
debate remains about its effectiveness when considering fuel loadings are dynamic, and re-burn occur-
rence is stochastic, in time. Therefore, evaluating salvage loggings capacity to reduce hazardous fuels
requires estimating fuel loadings in unmanipulated and salvaged stands over long time periods. We sam-
pled for snag dynamics, decomposition rates, and fuel loadings within unmanipulated high-severity por-
tions of 7 fires, spanning a 24-year chronosequence, in dry-mixed conifer forests of Oregon’s eastern
Cascades. We used these estimates to program an empirical model predicting temporal dynamics of fine
and coarse woody fuels from sources directly targeted by salvage logging. We simulated 1000 unmanip-
ulated and salvage logging scenarios, with variable snag dynamic rates, for three sample plots spanning a
pre-fire biomass gradient. Total surface fine woody fuel loadings peaked 17–18 years post-fire (6.76–
9.92 Mg ha�1) in unmanipulated stands; thereafter decay losses exceeded input rates and loadings
decreased. Salvage logging immediately increased surface fine woody fuel loadings by 160–237% above
maximum loadings observed in unmanipulated stands, and were higher during the initial 18–22 years
post-fire. 1000-h fuel loadings peaked 24–31 years post-fire in unmanipulated stands, but decomposition
reduced total loadings by 34.8–49.6% of initial snag necromass by peak years. Our simulations suggest
only 59.2% (34.3 Mg ha�1), 47.8% (44.3 Mg ha�1) and 22.3% (37.6 Mg ha�1) of maximum 1000-h fuel load-
ings were available for combustion at this time. Available 1000-h fuel loadings in unmanipulated stands
peaked 31, 34 and 82 years post-fire but were only 35.4% (40.7 Mg ha�1), 30.8% (49.9 Mg ha�1) and 27.3%
(70.5 Mg ha�1) of initial snag necromass. Salvage logging increased 1000-h fuel loadings for the initial
7 years post-fire, but 80–84% of initial snag necromass was removed or decayed when their maximum
loadings were observed 17–22 years post-fire. Understory woody vegetation reestablished quickly fol-
lowing high-severity fire, creating another significant fuel layer and a source of post-fire fine woody fuels.
Surface fuels accumulate quickly following high-severity fire, but our modeling results suggest salvage
logging has mixed effects on reducing hazardous fuel conditions since it increases fine woody fuel load-
ings and decreases coarse woody fuel loadings. Reducing hazardous fuel loadings and their contribution
to re-burn hazard requires manipulation of residual and future fuel sources, but treatment benefits
should be evaluated against any negative effects to early seral forest structure and function if resilient
forest ecosystems are the management goal.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Stand-replacing fire can reduce forest resilience by inhibiting
regeneration and facilitating a state-change, or by reestablishing
a forest structure prone to stand-replacement when the next fire
occurs (Savage and Mast, 2005). Forest ecosystems with a
mixed-severity fire regime are typically resilient to stand-replacing
fire, but a compounding disturbance (i.e., re-burn) could drive the
system beyond a resiliency threshold. If an intense enough re-burn
occurs prior to sexual maturity of establishing trees, an ecosystem
state change to a persistent shrub dominated ecosystem could
occur (Turner, 2010). This effect has been observed when a fire
burned through a forest after a stand-replacing windthrow event
(Buma and Wessman, 2011), and when re-burning occurred at
higher frequencies than historical intervals (Diaz-Delgado et al.,
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2002). It is probable that re-burning will be more common than
recently observed as burned landscapes become more prevalent
with climatically driven increases in fire extent and intensities
(Lenihan et al., 2008; Littell et al., 2010; Westerling et al., 2011).

Salvage logging has been proposed as a way to mitigate re-burn
effects following stand-replacing fire (Monsanto and Agee, 2008).
Reducing post-fire fuels could mitigate re-burn fire hazard,
although there remains a paucity of information regarding post-
fire temporal fuel dynamics and the direct effect salvage logging
has on post-fire hazardous fuels. Some research suggests salvage
logging exacerbates fire risk and hazard (Donato et al., 2006,
2013), reduces hazardous conditions (Monsanto and Agee, 2008),
or remains relatively neutral in its effect (McGinnis et al., 2010).
Some of these disparate conclusions may result from the type of
fuel being evaluated (e.g. fine woody fuels, coarse woody fuels, live
fuels), as well as the particular point in time post-fire when fuel
conditions were quantified because fuel inputs and losses are
dynamic in time.

Models can expand our understanding of post-fire hazardous
fuels by providing a quantitative method to test scenarios and
evaluate fuel dynamics as a process rather than static condition
in time. Snags are the dominant pool of surface fine and coarse
woody fuels immediately following stand-replacing fire, so snag
fall and fragmentation dominate surface fuel inputs (Dunn and
Bailey, in press; Ritchie et al., 2013). Snag fall and fragmentation
rates are primarily controlled by species and diameter-at-breast-
height (DBH), although physical settings can influence these rates
(Dunn and Bailey, 2012). In the absence of re-burn, fuel losses
are dominated by decomposition. Decay rates within dry-forest
environments vary by species, particle size, substrate quality (i.e.,
sapwood vs. heartwood), and whether the woody material is posi-
tioned on a snag or as surface fuel (Dunn and Bailey, 2012; Harmon
et al., 2005). Additionally, only a portion of 1000-h fuels are avail-
able for combustion depending on their decay state, moisture con-
ditions and interactions with other combustible material (Albini
and Reinhardt, 1997; Hyde et al., 2011). This creates a dynamic
input and loss system well estimated through modeling
techniques.

Modeling can also overcome limitations in current fuel sam-
pling techniques. Brown’s planar intercept method (Brown, 1974)
does not capture transfer or decay processes for fine woody fuels
that are important for understanding long-term fuel dynamics
(Fasth et al., 2010). Estimating fine woody fuel a loading using this
method also requires extensive transect lengths to achieve accu-
rate results (Sikkink and Keane, 2008), likely crossing variable for-
est conditions and increasing variance in estimates. The same
limitations occur for 1000-h fuel loadings (Bate et al., 2004),
although these estimates have been improved by accounting for
their decay state (Harmon and Sexton, 1996). Integrating biophys-
ical controls on inputs and losses into models would improve our
understanding of temporal fuel dynamics and post-fire hazardous
fuel conditions (Keane, 2008).

The objective of this study was to develop a model to compare
temporal dynamics of fine (<7.62 cm diameter) and coarse (snags
and surface woody fuels >7.62 cm) woody fuels from dead biolog-
ical legacies following stand-replacing fire and salvage logging.
We focus on dead biological legacies because they are the pri-
mary source of post-fire fuels targeted and directly altered by sal-
vage logging. Specifically, we were interested in the following
questions: (1) What are the temporal trajectories of fine and
coarse woody fuels following stand-replacing fire? and (2) Is sal-
vage logging an effective method for reducing hazardous fuels
following stand-replacing fire? Answers to these questions are
fundamental for understanding post-fire hazardous fuel condi-
tions and potential strategies for mitigating compounding effects
of re-burning.
2. Methods

2.1. Field sites

We focused on dry-mixed conifer forests in the Eastern Cas-
cades Slopes and Foothills Ecoregion of Oregon, USA. This Ecore-
gion’s climatic regime is dominated by warm dry summers and
cold winters, with precipitation falling mostly as snow. Ponderosa
pine (Pinus ponderosa subsp. ponderosa) was the dominant distur-
bance-mediated overstory species with co-dominant or sub-domi-
nant grand and white fir (Abies grandis var. idahoensis and Abies
concolor var. lowiana), Douglas-fir (Pseudotsuga menziesii var. glau-
ca), lodgepole pine (Pinus contorta subsp. murrayana) and incense-
cedar (Calocedrus decurrens). All sampled plots were mixed ponder-
osa pine/true fir plant associations, with white fir substituting for
grand fir in the southern portions of this ecoregion. Euro-American
settlement altered fire regimes and increased shade-tolerant true
fir and Douglas-fir abundance across this forest type (Weaver,
1943).

Thirty 0.25 ha (50 m � 50 m) plots were randomly selected
with equal probability point sampling from unmanaged high-
severity (>75% overstory mortality) fire areas within ponderosa
pine/true fir plant associations to focus on dry-mixed conifer for-
ests only. We evaluated �100 years of fire history records on the
Deschutes and Winema National Forest and Crater Lake National
Park for potential fire sites on public lands. We constrained plots
to dry-mixed conifer forests with a known high-severity fire and
no recorded, or physical evidence of, pre- or post-fire manipulation
(i.e. typically some sort of harvest treatment). We focused on
unmanipulated stands because of increased high-severity fire in
portions of this Ecoregion, and a lack of information regarding their
future fuel conditions. Only seven fires up to 24 years post-fire
(Fig. 1) met our criteria because salvage logging was common prior
to implementation of the Northwest Forest Plan and new manage-
ment guidelines in the mid-1990s. We constrained all plot loca-
tions so they were separated by a minimum of 200 m, resulting
in 3–6 intensive fuels plots per fire distributed across multiple
high-severity patches in larger fires (Table 1). Sampling intensity
varied using this method because older, unmanipulated fire sites
were rare and smaller in extent relative to more recent fires. Given
our distance constraints and lack of fire scale replicates in older
fires, we could only sample three intensive plots at the 15- and
24-year fire sites.
2.2. Field sampling

We systematically gridded each 50 � 50 m square plot to locate
all snags in any of these conditions: (1) standing whole, (2) stand-
ing with a broken top or (3) fallen (Fig. 2). We recorded species,
DBH, total height (except for fallen snags), decay class, and condi-
tion. Broken snags had fragmented tops along the main stem >2 m
height, and fallen snags were either fragmented <2 m height or a
tipped up root plate. Species was determined using characteristics
described by Parks et al. (1997). Fire-created snags were separated
from pre-fire killed snags when >5% of the sapwood was consumed
or converted to char during the fire. These sapwood-charred snags
or logs suggested to us bark was not present at the time of the fire,
or sloughed off during the fire, and therefore was already a snag/
log when the fire occurred. This data was also used for estimating
the fall and fragmentation rates used in this model (Dunn and
Bailey, 2012).

Decomposition loss-rate constants (k-constants) were esti-
mated for standing and surface coarse woody detritus. We sampled
snags 35–51 cm DBH (target was 41 cm) within randomly initiated
10 � 50 m belt transects located adjacent to snag inventory plots.



Fig. 1. The Eastern Cascades Slopes and Foothills Ecoregion totals 2,735,000 ha and is dominated by dry-mixed conifer forests (Omernik, 1987). A total of seven fire sites,
spanning a 24-year chronosequence, were sampled to obtain parameter estimates and a validation dataset for our empirical model.

Table 1
A summary of fire-level site characteristics sampled in the 24-year chronosequence used to estimate parameters for NecroDynamics, which were the only fire sites available for
sampling in dry-mixed conifer forests along the slopes of Oregon’s eastern Cascades.

Fire site Fire year Years
post-fire

Total
hectares

Average
elevation (m)

# Large plots Percent
mortality

Reconstructed pre-fire
basal area (m2 ha�1)

Reconstructed
pre-fire trees ha�1

GW fire 2007 1 2977 1301 4 100 38.3 (32.2–50.6) 607 (248–932)
Black Crater Fire 2006 2 3807 1445 5 100 33.6 (25.1–53.9) 741 (404–1224)
B & B Complex 2003 5 36,733 1159 5 100 30.4 (23.7–36.2) 403 (76–936)
Davis Fire 2003 5 8572 1551 4 99.7 51.0 (45.8–56.2) 1205 (712–1505)
Crane Complex 2001 7 289 1478 6 99.7 47.1 (32.4–59.2) 1621 (1420–1772)
Cherry Creek Fire 1994 15 134 1722 3 100 42.1 (35.3–48.1) 453 (204–648)
Panhandle 2 1984 24 49 1419 3 96.1 34.3 (24.5–44.6) 468 (96–852)
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These are the maximum diameter snags we had appropriate clear-
ance to cut and could safely fell. The first snag of appropriate size
and species encountered within belt transects was felled. Twelve
fir and ponderosa pine snags were sampled from five sites across
a 1–7 year post-fire chronosequence, for a total of 60 snags of each
species. We estimated k-constants for ponderosa pine logs by
opportunistically sampling logs felled as hazard trees during fire
suppression operations so we could confidently date their year of
fall. Only ponderosa pine logs were found in sufficient quantity
to warrant sampling and averaged 86.2 cm DBH (range 44.5–
129 cm). A total of 40 logs were sampled across a 2–7 years post-
fire chronosequence. Three cross-sections were systematically
removed at 25%, 50%, and 75% of total height or length using a
chainsaw. We estimated combined and separate sapwood and
heartwood decomposition loss-rate constants for ponderosa pine
because of aromatic carbon compounds found in heartwood
reduce decay rates (Harmon et al., 1986). All k-constants are based
on a change in weighted wood density over time. For further
details of snag dynamics and decomposition analyses and results,
see Dunn and Bailey, 2012.
We used a planar intercept method to sample surface fine and
coarse woody fuel loadings (Mg ha�1) in 1-h (0–0.62 cm), 10-h
(0.63–2.54 cm), 100-h (2.55–7.62 cm) and 1000-h (>7.62 cm) time-
lag fuel size classes (Brown, 1974) in each snag inventory plot
(Fig. 2). Four fine woody fuels transects were initiated fifteen
meters from plot center proceeding towards plot corners. Total
plot transect lengths were 20, 30 and 40 m for 1-h, 10-h and
100-h fuels, respectively. We sampled 1000-h fuels along four
30 m transects extending towards plot corners from plot center,
and two 40 m transects extending in the cardinal directions
through plot center. We recorded species, decay class and diameter
for all 1000-h fuels. Decay class was based on characteristics
described by Maser et al. (1979) and Cline et al. (1980) and was
used to scale 1000-h fuel necromass by density reduction factors
(Harmon et al., 2008). Snags <2 m in height and stumps were con-
sidered part of the 1000-h surface fuels, consistent with the planar
intercept method that includes fuels up to 1.83 m height as surface
fuels (Brown, 1974). We separated pre-fire and fire killed 1000-h
fuels to isolate snag dynamic rates beginning after the fire. We con-



Fig. 2. Thirty-0.25 hectare plots were intensively sampled for vertical and surface
fuels. We systematically gridded plot areas to measure intact, broken and fallen
snags. We used this information to parameterize our NecroDynamics model and
provide a simple validation dataset. Surface fuels were sampled using a planar
intercept method within plot boundaries to capture endogenous fuel dynamics. A
total of 20, 40, 60 and 200 m of transects were sampled for 1-h, 10-h, 100-h and
1000-h fuels at each plot. Understory live vegetation was sampled at four 3.14 m2

circular subplots using species specific allometric equations. CWD corresponds to
1000-h fuel (>7.62 cm diameter) transects and FWD corresponds to fine woody fuel
(<7.62 cm diameter) transects.
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sidered a log to have originated pre-fire if ocular estimates found
>5% of its sapwood consumed or converted to char during the fire.

We estimated understory woody vegetation biomass (shrubs
and regenerating trees <2 m in height) at four 2 m diameter sub-
plots, located 15 m from plot center in the cardinal directions,
using basal diameter and species specific allometric equations
(Means et al., 1994). We also estimated the proportion of under-
story woody vegetation crowns dead at this time. Regenerating
trees <2 m in height were included as part of the live understory
woody vegetation since they are most likely to burn with the shrub
layer.

We sampled litter and duff loadings (Mg ha�1) at sixteen
0.10 m2 microplots within each sample plot. Microplots were sys-
tematically located 2 m from understory vegetation subplot cen-
ters in the cardinal directions, creating microplot groups. Duff
was separated from litter when the material was collected and
placed in a receptacle for weighing. The boundary between layers
was determined to be the point where there was a noticeable
increase in compactness, an evident increase in the decayed state
of the vegetative material, and/or the presence of fungal hyphae
throughout the material (Brown, 1974; Woodall and Monleon,
2007). We measured litter and duff depth to the nearest 0.1 cm,
and collected and weighed each litter and duff sample from the
0.10 m2 microplots to the nearest 0.01 g on field scales. One litter
and duff sample was removed from each microplot group (total
of 4 per plot) for oven-drying in our lab at 55 �C until reaching
low weight equilibrium (±0.5 g, �96 h). We scaled all litter and
duff field weights by the moisture content of the oven-dried sam-
ple from their respective microplot group, and subtracted from
each sample the plot-average inorganic weight separated from
the collected material. All 16 estimates were averaged to obtain
plot-level litter and duff loadings.

2.3. Model calculations

We developed an empirical model (‘‘NecroDynamics’’) incorpo-
rating snag fall, fragmentation (i.e. top breakage), and decay of fine
and coarse woody fuels from fire killed trees using R statistical
package (R Core Team, 2013). Base calculations were developed
using estimates for species common in dry-mixed conifer forests
of Oregon’s eastern Cascades, but can be parameterized for other
dry-forest environments. NecroDynamics operates at the individ-
ual snag, fine woody fuel size class, and 1000-h fuel particle scale
(Fig. 3). The model required a 1 ha tree list with minimum param-
eters of species and DBH in (cm). Total tree height (m), crown
radius (m), crown base height (m), crown length (m) and canopy
position were estimated from allometric equations. Tree height
was predicted using a rise-to-maximum (SigmaPlot 11.0) allome-
tric equation estimated from all intact snags measured during field
sampling such that Height = 50.81 ⁄ (1 � e(�0.0189⁄DBH)), where
height was in meters and DBH was in centimeters (Adj.
R2 = 0.8708, N = 4110). Crown radius was also estimated from allo-
metric equations (Gill et al., 2000) and the model assumed crown
base height was 40% and 50% of total tree height for shade tolerant
(e.g., grand fir, Douglas-fir, incense cedar) and intolerant (e.g., pon-
derosa pine, lodgepole pine) species, respectively. Crown length
was the difference between tree height and crown base height.
Canopy position was partitioned into three classes dependent on
DBH thresholds, where snags <2.54 cm, 2.54–30.5 cm, and
>30.5 cm were considered seedlings, intermediates and domi-
nant/co-dominant individuals (Brown, 1978). All parameters were
needed to model fuel deposition with snag fall and fragmentation.

Pre-fire stemwood, bark and crown biomass were estimated
using species specific allometric equations (Means et al., 1994;
Jenkins et al., 2004). Crown biomass was partitioned into timelag
fuel moisture size classes (i.e., 1-h fuels 60.64 cm, 10-h fuels
>0.64–2.54 cm, 100-h fuels >2.54–67.62 cm, and 1000-h fuels
>7.62 cm diameter) using published equations based on tree spe-
cies, DBH and canopy position (Brown, 1978). The model
accounted for crown fuel losses from combustion during high-
severity fire by applying combustion factors to each fuel size class,
which were obtained from pre-and post-fire measurements of
high-severity sites in a S. Oregon wildfire (Campbell et al., 2007).
Average and ranges of pre- and post-fire (immediately) fine and
coarse woody fuel loadings from all 30 sampled plots are provided
in Table 2. Individual plot estimates are provided in Online Supple-
mental Material.

NecroDynamics tracked individual snags and 1000-h fuel pieces
annually during the simulation period. Each year a snag could
remain standing whole, fragment (1–3 times) but remain standing,
fall whole, or fall after one or more fragmentations (Fig. 3). Snag
fall and fragmentation rates were modeled in three DBH classes
(<23 cm, 23–41 cm, >41 cm) using species specific equations
(Dunn and Bailey, 2012). For rarer species with unknown fall or
fragmentation rates (e.g., incense cedar), we assumed moderate
rates equivalent to those of true firs. The year of snag fall and frag-
mentation was randomly determined using their annual condi-
tional probability during the simulation period. Multiple
fragmentation events occurred randomly 5–10 years after the pre-
vious event to account for observed decreases in snag height using
equations from Dunn and Bailey, 2012. Individual 1000-h fuel
pieces (i.e., broken pieces and fallen stemwood) were tracked indi-
vidually to more accurately capture wood density, decay losses and
available fuel.

NecroDynamics transferred crown fuels only with snag fall and
fragmentation because independent snag branch deposition rates
were unavailable. Additionally, snags found in high-severity fire
sites are exposed to wind and influenced by physical forces that
snags within a closed canopy forest are not (Fig. 4), so the domi-
nant mechanism of fine and coarse woody necromass transfer
was likely snag fall and fragmentation (Dunn and Bailey, 2012).
Snag fall transferred all crown fuels and stem necromass to their
respective surface fuel size classes. Fragmentation only transferred



Fig. 3. NecroDynamics tracked individual snags, fine woody fuel size classes, and 1000-h fuel particles annually during the simulation period. Each year a snag could remain
standing whole, fragment (1–3 times) but remain standing, fall whole, or fall after one or more fragmentations. Snag necromass and crown fuels only transferred to surface
pools with snag fall and fragmentation. Coarse woody fuel decay rates varied by species and their position as a snag or 1000-h fuel. Individual 1000-h fuel pieces were tracked
individually to more accurately capture wood density, decay losses and available fuel.

Table 2
Summary of stand characteristics and fuel loadings from plots sampled for snag dynamics and fuel loadings over time.

Plot metric Pre-fire biomass (Mg ha�1) Post-fire necromass (Mg ha�1)
Mean (Range) Mean (Range)

Basal area (m2 ha�1) 40.22(23.71–58.20) 38.79(23.71–58.20)
Trees ha�1 856(76–1772) 836(76–1772)
Total stemwood (Mg ha�1) 172.71(96.20–268.80) 170.81(93.74–268.80)
Bark (Mg ha�1) 49.26(28.22–69.20) 38.48(22.37–55.07)
Foliage (Mg ha�1) 12.36(5.35–20.44) 3.72(1.66–5.45)
Canopy 1-h fuel loading (Mg ha�1) 4.13(0.98–8.18) 1.28(0.31–2.32)
Canopy 10-h fuel loading (Mg ha�1) 12.81(5.40–20.35) 8.12(3.51–13.10)
Canopy 100-h fuel loading (Mg ha�1) 11.43(4.67–18.72) 10.63(4.43–17.78)
Canopy 1000-h fuel loading (Mg ha�1) 8.04(1.44–20.18) 7.48(0.48–19.17)
Total aboveground mass (Mg ha�1) 270.75(158.36–400.24) 240.54(139.52–364.26)

C.J. Dunn, J.D. Bailey / Forest Ecology and Management 341 (2015) 93–109 97



Fig. 4. Snags are influenced by several physical forces, especially applied wind forces, following high-severity fire. The snag on the left represents characteristics that
influence the forces leading to snag fall and fragmentation. Most of these characteristics increase resistive forces and prevent fall or fragmentation, except taller snags with
greater sail area capture more of the applied wind force. The snag on the right depicts various forces influencing snag fall and fragmentation. The point of maximum applied
force varies by snag characteristics and could result in fall or fragmentation. Snags are highly exposed to applied wind forces and therefore exhibit relatively rapid snag fall
and fragmentation in the first couple decades following the fire. Adapted from Quine and Gardiner (2007).
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a proportion of crown and stemwood fuel and was estimated from
volumetric equations commonly used to model tree shape (Husch
et al., 1993). Snag crowns were assumed to be conical, with a base
radius equal to crown radius and cone height equal to crown
length. The proportion of crown fuels transferred with fragmenta-
tion was equivalent to the proportion of cone volume above break
height. All remaining crown fuels were transferred if a second frag-
mentation occurred. Total snag stemwood volume was modeled as
a frustum of a neiloid below breast height and a paraboloid above.
Stemwood diameter inside bark at breast and break height was
estimated using species specific taper and bark thickness equations
(Garber and Maguire, 2003; Walters and Hann, 1986). The propor-
tion of snag stemwood transferred with fragmentation was equiv-
alent to the proportion of estimated volume above break height.

Position, or whether a fuel particle is lying on or elevated above
the forest floor, can influence its decomposition loss-rate constant
(k-constant). We found that coarse woody fuels decayed at varying
rates depending on both species and their position as a snag or 1000-
h fuel (Dunn and Bailey, 2012). In a controlled study conducted at
Pringle Falls Experimental Forest (within our study area), fine woody
fuel decay rates varied by species and size class, but were not differ-
ent by position (Harmon, personal communication). This was
hypothesized to be a result of different limiting factors. Elevated par-
ticles become too dry from sun and wind exposure to support
decomposition, while surface fuels remain saturated and cold later
into the season. The effect was no statistical difference in decay rates
as a function of position for fine woody fuels in this forest type
(Harmon, personal communication). NecroDynamics applied
k-constants to each fuel particle based on species and position.
Decomposition loss-rate constants for tree species not directly sam-
pled in our field study were obtained from published sources, or
unpublished results from research within this forest type (Table 3).
NecroDynamics assumed a negative exponential decay model for all
fuels (Olson, 1963). Wood density was tracked individually for snags
and 1000-h fuel pieces to estimate plot level available 1000-h fuel
loading as described below (Fig. 5b).

Ponderosa pine heartwood decays slower than sapwood pri-
marily because heartwood contains more aromatic carbon com-
pounds that resist decomposition (Harmon et al., 1986).
Therefore, NecroDynamics separated total snag necromass into
sapwood and heartwood components. The proportion of stem-
wood necromass that was heartwood was estimated from cross-
sections removed at 25% total snag height or log length during
our decomposition analysis. Statistical analysis consisted of simple
linear regression estimating sapwood radial thickness from diam-
eter-inside-bark such that: Diahrt = �16.68 + 0.96501 ⁄ Diaib, where
Diahrt is the diameter of heartwood (cm), and Diaib is the diameter
inside bark (cm) (Adj. R2 = 0.9298, n = 103). The model assumed
heartwood volumetric shape was a cone and estimated basal diam-
eter using this equation and taper and bark-thickness equations
(Garber and Maguire, 2003; Walters and Hann, 1986). Heartwood
height was estimated as stem height where the regression equa-
tion resulted in no heartwood (i.e., diameter inside bark of
17.5 cm). The proportion of each cross-section’s volume that was
heartwood was highly variable, but the model captured the general
trend across a broad DBH distribution (Fig. 5c). Ponderosa pine’s
effective decay rate combined heartwood and sapwood
k-constants and was negatively correlated with DBH, although
each component was tracked annually in the model. Douglas-fir
also has decay resistant heartwood, but separate sapwood and
heartwood k-constants are not available at this time.

The lower portion of snag boles decays at the same rate as logs
because of moisture wicking, decreased exposure to solar radiation
and protection from drying winds (Harmon et al., 1986). NecroDy-
namics captured this effect by calculating an effective k-constant
for snags, as the snag decay rate plus a proportion of 1000-h fuel



Table 3
Decomposition loss-rate constants vary by species, fuel size class, and position in the NecroDynamics model and were obtained from direct sampling or other published and
unpublished research projects.

Substrate k-Constant (year�1) Reference

Ponderosa pine snag sapwood 0.0024 Dunn and Bailey, 2012
Ponderosa pine snag heartwood Prop. of surface rate Modeled
Ponderosa pine log sapwood 0.0373 Dunn and Bailey, 2012
Ponderosa pine log heartwood 0.0164 Dunn and Bailey, 2012
Grand fir snag 0.0179 Dunn and Bailey, 2012
Grand fir log 0.038 Harmon et al. (2005)
Lodgepole pine snag Prop. of surface rate Modeled
Lodgepole pine log 0.027 Busse, 1994
Douglas-fir snag Prop. of surface rate Modeled
Douglas-fir log 0.014 Harmon et al. (2005)
Incense cedar snag Prop. of surface rate Modeled
Incense cedar log 0.02 Harmon et al. (2005)
Grand fir 1-h fuels 0.05 Harmon (personal communication)
Grand fir 10-h fuels 0.04 Harmon (personal communication)
Grand fir 100-h fuels 0.03 Harmon (personal communication)
Ponderosa pine 1-h fuels 0.04 Harmon (personal communication)
Ponderosa pine 10-h fuels 0.03 Harmon (personal communication)
Ponderosa pine 100-h fuels 0.03 Harmon (personal communication)
Lodgepole pine 1-h fuels 0.05 Harmon (personal communication)
Lodgepole pine 10-h fuels 0.045 Harmon (personal communication)
Lodgepole pine 100-h fuels 0.03 Harmon (personal communication)
Bark 0.007 Harmon and Sexton, 1996

Fig. 5. NecroDynamics captured detailed decay processes found in dry-mixed conifer forests. (a) Tree species had a different wood density and decay rate so mass loss, and
transitions through decay states, were species dependent; (b) decay rates varied by physical position as indicated by this figure depicting ponderosa pine snag and 1000-h
fuel decay trajectories when fragmentation or fall occurred at various years; (c) ponderosa pine heartwood decays slower than its sapwood so an individual snag’s effective
decay rate was determined by the proportion of stemwood in each component. Solid lines represent our modeled estimates in relation to observed proportions (points) from
our decomposition analysis; (d) snag necromass below DBH was assumed to decay at 1000-h fuel rates, and constitutes a varying proportion of snag necromass dependent on
size and height of fragmentation. An effective decay rate was used to capture this effect and updated as snags fragmented. Percentages are the effective decay rate relative to
1000-h fuel decay rate. DF = Douglas-fir, PP = ponderosa pine, LP = lodgepole pine, TF = true fir, IC = incense cedar.
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k-constant equal to the proportion of snag volume below DBH. The
effective k-constant was re-calculated after each fragmentation
event and applied to the entire snag and thus increased with
decreasing snag height (Fig. 5d).

NecroDynamics estimated available 1000-h fuel loading by
applying variable combustion factors to sound, moderately decayed
and highly decayed wood. The planar intercept method assumes rot-
ten 1000-h fuels are identified by their propensity to fragment when
kicked, and have a wood density of 0.30 g cm�3 (Brown, 1974). This
wood density value does not correlate well with studies relating
wood density to decay classes or log condition (Harmon et al.,
2008; Cline et al., 1980). Decay class I and II logs are relatively sound,
class III logs have friable sapwood but generally sound heartwood,
and class IV are highly decayed and easily broken apart when kicked
(Cline et al. 1980). We believe decay class IV logs represent rotten
1000-h fuels, which have wood densities converging at approxi-
mately 0.20 g cm�3 for conifer species in dry-forests of the western
U.S. (Harmon et al., 2008). We assume wood densities greater than
0.30 g cm�3 represent sound, 0.30–0.20 g cm�3 moderately
decayed, and <0.20 g cm�3 highly decayed wood. We assume a
0.08 combustion factor for sound 1000-h fuels, consistent with esti-
mates for logs combusted in wildfires approximately 7 years post-
mortality where little decay would have occurred (Lutes and
Hardy, 2013; Tinker and Knight, 2000), and 0.50 and 0.95 for moder-
ately and highly decayed 1000-h fuels, respectively. Our combustion
factors captured the range of published estimates for 1000-h fuel
combustion (Brown et al., 1985, 1991; Reinhardt et al., 1991; Uzoh
and Skinner, 2009). It is important to keep in mind that combustion
factors for 1000-h fuels following a pulse-disturbance, like a stand-
replacing fire, could be different from these studies since the fuels
would be closer in age than those resulting from background mortal-
ity over long time periods.
2.4. Model validation and simulation

NecroDynamics was developed independently from field esti-
mates of fuel loadings, providing an opportunity to validate model
Table 4
Global and top predictive models selected from our all-subsets model selection using Bay
accounted for by NecroDynamics.

Model 1: Fine-woody fuels
Necromassij = Modelijk + Yri + Yri

2 + Shrub.Deadj + Shrub.Bioj + Litj + Duffj + BAj + TPHAj

Model 2: Coarse-woody fuels
Necromassij = Modelij + Yri + Yri

2 + BSWj + BAj + TPHAj + BATj + NumBrkj + NumFallj

Top predictive models
1-h Fuel Loading Yr + Shrub.Dead � Lit
10-h Fuel Loading NumFall + NumBrk + Shrub.D
100-h Fuel Loading Model + NumFall + BAT � Bra
Snag necromass Model � BAT + BA � NumBrk
1000-h Fuel loading Model + NumBrk

Independent variables
Necromassijk is the field estimated fuel loading (Mg ha�1) at year i for plot j for fuel s
Modelij is predicted fuel loading (Mg ha�1) at year i for plot j for fuel size class k
Yri is number of years post-fire
Yri

2 is number of years post-fire squared
BSWj is reconstructed stemwood necromass (Mg ha�1) for plot j
BAj is reconstructed basal area (m2 ha�1) for plot j
TPHAj is reconstructed trees ha�1 for plot j
BATj is estimated post-fire aboveground necromass (Mg ha�1) for plot j
NumBrkj is field sampled number of broken snags ha�1 for plot j
NumFallj is field sampled number of fallen snags ha�1 for plot j
Shrub.Deadj is field sampled proportion of shrub canopy dead for plot j
Shrub.Bioj is estimated shrub biomass (Mg ha�1) for plot j
Litj is field sampled litter loading (Mg ha�1) for plot j
Duffj is field sampled duff loading (Mg ha�1) for plot j
Fuelj is field sampled loading (Mg ha�1) for fuel size class k in plot j
Branchj is estimated post-fire total branch necromass (Mg ha�1) for plot j
predictions. We conducted 100 simulations of each reconstructed
tree list from our 30 field plots and extracted average model pre-
dictions for each stand at the year it was sampled. We included
all 30 predictions as an independent variable in simple linear
regression analysis for each fuel type (R Core Team, 2013). Then
we conducted an all-subsets model selection, ranked by Bayes
Information Criterion (BIC), to compare the top 4 statistical models
containing 1–9 independent variables as a means to identify
potential sources of error (Table 4). We only include independent
variables associated with model calculations and those found to
correlate with fuel loadings over time (Dunn and Bailey, in
press). We also plotted simulated trends and field estimates to
visually compare results from both techniques.

We simulated 1000 unmanipulated and salvaged scenarios
across a 100 year period for each of three stands with tree lists
populated by a low, medium and high aboveground biomass sam-
ple plot. These plots were chosen to represent a distribution in
aboveground biomass at stands that might be considered for sal-
vage logging. These stands also have variable species diameter dis-
tributions and fuel class necromass, therefore portraying some of
the variation in fuel loadings over time associated with these dif-
ferences (Fig. 6). Snag fall and fragmentation rates varied for each
simulation by sampling within logit-normal parameter distribu-
tions obtained from regression analysis in our companion study
(Dunn and Bailey, 2012). We adapted our salvage logging scenario
from results reported in sampled pre- and post-logged salvaged
stands of northeastern Oregon (McIver and Ottmar, 2007). On aver-
age, 69% and 93% of snags >30 cm DBH were harvested in their
commercial and fuels reduction salvage prescription, respectively.
The salvaged snags were only 42% and 60% of all snags present
because small DBH snags were not merchantable. We captured
these conditions by assuming 80% of snags >23 cm DBH were sal-
vaged and 50% of snags <23 cm were immediately knocked over
one year post-fire. Individual snags were randomly selected for
harvest and 10–20% (assumed a uniform distribution) of harvested
necromass was left on-site as cull wood. If a snag was harvested,
90% of crown fuels transferred immediately to surface fuels and
es Information Criterion (BIC) to determine additional influences on fuel loadings not

+ BSWj + BATj + Fuelkj + Branchj + NumBrkj + NumFallj

(BIC = �23.62)
ead – Lit (BIC = �23.15)
nch – Lit (BIC = �31.62)
– NumFall (BIC = �49.09)

(BIC = �25.94)

ize class k



Fig. 6. Species diameter distributions for three simulated stands selected from our sampled plots to capture a low, medium and high biomass stand. These stands exhibited
different structure and composition, but are representative of conditions found within dry-mixed conifer forests of Oregon’s eastern Cascades. Crown fuel loadings were
estimated from published equations (Brown, 1978) that varied by species and DBH, and therefore were not always linearly correlated with stand biomass. These conditions
resulted in at least one aspect of the temporal dynamics of post-fire fuel conditions.
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10% were assumed to be buried or transferred offsite. All retained
snags fell and fragmented at rates equivalent to unmanipulated
stands. Average annual fuel loadings and standard deviations
were estimated for each scenario at the conclusion of the
simulations.
3. Results

3.1. Model validation

NecroDynamics’ accuracy at predicting mean fuel loadings at
any given year is variable depending on fuel component, but all
field estimates were within estimated model variance. NecroDy-
namics’ predictions only accounted for a small portion of observed
variation in 1-h (estimate = 0.9228, 95% CI of 0.0501–1.796, p-
value = 0.0039, Adj. R2 = 0.1129) and 10-h (estimate = 0.8459, 95%
CI of 0.3722–1.320, p-value = 0.0010, Adj. R2 = 0.2992) fuel load-
ings. Model predictions were better for 100-h fuels, but appeared
to predict lower fuel loadings than observed in field estimates
(estimate = 1.4649, 95% CI of 0.7589–2.1710, p-value < 0.0002,
Adj. R2 = 0.3704). NecroDynamics also appeared to overpredict
snag necromass (estimate = 0.7243, 95% CI of 0.5463–0.9023, p-
value < 0.0001, Adj. R2 = 0.7024) and underpredict 1000-h fuel
loading (estimate = 1.4459, 95% CI of 1.008–1.884, p-
value < 0.0001, Adj. R2 = 0.6064), suggesting a potential bias in pre-
dicting coarse woody fuel loadings. Visual comparison of simulated
trends and field estimates suggests NecroDynamics does capture
temporal fuel dynamics adequately, especially given estimated
variance (Fig. 7).

There were several factors identified by the model selection
procedure that contributed to the lack of correlation between
NecroDynamics and field estimates (Fig. 7). The top predictive
model for all fine woody fuel size classes included inputs and
losses from sources not modeled by NecroDynamics. Fine woody
fuel loadings were negatively correlated with litter necromass,
suggesting they incorporate into the litter layer and would not
be captured by the planar intercept sampling method (Brown,
1974). We observed this effect when collecting and weighing litter
and duff samples after removing surface fine woody fuels, although



Fig. 7. NecroDynamics had varied success at predicting fine and coarse woody fuels at any given point, but the trends in fuel contributions from dead biological legacies was
captured by the model. Boxplots represent distributions of field estimates and dotted trend lines are simulated fuel trajectories for all 30 sample plots. The lack of correlation
was partially a result of the planar intercept method not accounting for decay losses, as well as additional inputs of fine woody fuels from reestablishing vegetation. Stochastic
environmental events (e.g. wind events) can increase fall and fragmentation rates beyond mean conditions as evident for some plots at year seven.
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we would need to weigh buried material separately to confirm the
amount of material buried. Visual comparison of simulated trends
and field estimates also suggests rapid deposition of some fine
woody fuels when tree crowns are scorched instead of consumed
(Fig. 5). Shrub crown mortality was positively correlated with 1-
h and 10-h fuel loadings, suggesting fuel inputs from de novo veg-
etation occurred as crowns partially died primarily after 15 years
post-fire. Additionally, snag fall and fragmentation were correlated
with 10-h fuel loadings, suggesting snag dynamics control inputs
but the variability is significant enough that linear trends are not
readily detected. Regression estimates for all top-predictive mod-
els is available as Online Supplemental Material.

The NecroDynamics variable was selected in the top predictive
model for 100-h fuels with additional variables, although the addi-
tional variables likely over-fit our regression model. This is partic-
ularly evident when we consider Brown’s planar intercept method
does not account for fine woody fuel density loss (Fasth et al.,
2010). We removed NecroDynamics’ decay function and simulated
unmanipulated plots again, improving correlations and reducing
potential bias (estimate = 0.8381, 95% CI of 0.5049–1.1713, p-
value < 0.0001, Adj. R2 = 0.4683). Thus, the additional variables
selected in the top predictive model may not appropriately identify
sources of variation not captured by NecroDynamics, but this
requires additional investigation to ascertain. Similar effects might
occur for other fine woody fuels, but inputs from reestablishing
vegetation were evident in 1-h fuel loadings after 15 years and cer-
tainly contribute to fuel loadings (Fig. 7).

The top predictive model for snag and 1000-h fuel loadings pro-
vides insight about unexplained variation within NecroDynamics
(Table 4). The negative correlation between snag necromass and
number of snags fallen and fragmented, and a positive correlation
between 1000-h fuel necromass and these variables suggest sto-
chastic environmental factors (e.g., high winds) accelerate deposi-
tion at local scales (Dunn and Bailey, 2012). This effect is evident in
the distribution of field data where significantly lower snag necro-
mass and higher 1000-h fuel loadings occurred. The top predictive
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model for snags suggests additional variation was explained by
pre-fire total aboveground biomass and pre-fire basal area. These
covariates were correlated, so the inclusion of these variables likely
over-fits the regression model. This was particularly evident given
total aboveground biomass was positively correlated and basal
area was negatively correlated with snag necromass. We hypothe-
sized the lack of correlation for 1000-h fuels might be caused by
Brown’s planar intercept method not distinguishing between
1000-h fuels with or without bark, but NecroDynamics separates
this necromass. We explored this potential effect by summing
1000-h fuel loadings and bark necromass and using that value in
our regression analysis. This new variable explained similar varia-
tion in field estimates with reduced bias (estimate = 1.0889, 95% CI
of 0.7556–1.422, p-value < 0.0001, Adj. R2 = 0.6015). Overall, Nec-
roDynamics’ predicts snag and 1000-h fuel trends reasonably well
and within expected prediction errors, so we believe the model can
be used to test relative differences in fuel loadings between
treatments over time.
Fig. 8. Snag crown fuels were the primary source of surface fine woody fuels immediate
inputs at high-severity fire sites because of their exposure to physical forces, resulting
transferred crown fuels to surface pools, increasing fine woody fuel loadings for up to 22
deviation error bars.
3.2. Simulated temporal fuel dynamics

Fine woody fuels were most abundant as snag canopy fuels
immediately post-fire, ranging from 11.62 to 31.57 Mg ha�1

(mean = 20.17 Mg ha�1) across our sampled plots. These fuels
deposited to surface fuels rapidly in a negative exponential trend,
so >50% had decayed or transferred to surface fuels by eight years
post-fire, and <10% was retained on snags after 19 years in all three
simulated plots (Fig. 8). Surface fine woody fuel loadings peaked
15–20 years post-fire and were 33–49% of immediate post-fire
totals, depending on fuel size class (Table 5). Temporal trends were
similar across all simulated plots, but total loadings varied by pre-
fire conditions.

Salvage logging altered fine woody fuel trends by rapidly trans-
ferring canopy fuels to surface fuels (Fig. 8). Surface fine woody
fuel loadings peaked immediately after salvage logging but
decreased exponentially due to decomposition. Maximum surface
fine woody fuel loadings were 178.4–200.8%, 164.2–171.2% and
ly following high-severity fire. Snag fall and fragmentation control fine woody fuel
in a lag of 15–20 years in surface fuel accumulation. Salvage logging immediately
years post-fire. Solid trend lines represent cumulative fuel loadings with standard



Table 5
The year of maximum fuel loading and predicted values for each fuel layer in unmanipulated and salvaged logged stands for the three simulated stands selected to represent the
distribution of pre-fire stand biomass from our sample plots.

Plot Scenario 1-h Fuels 10-h Fuels 100-h Fuels Total fine woody fuels 1000-h Fuels Available 1000-h fuels

Year Loading
(Mg ha�1)

Year Loading
(Mg ha�1)

Year Loading
(Mg ha�1)

Year Loading
(Mg ha�1)

Year Loading
(Mg ha�1)

Year Loading
(Mg ha�1)

Low Biomass Unmanipulated 15 0.39 16 2.66 19 4.46 17 7.49 24 58.01 31 40.66
Low Biomass Salvaged 1 0.74 1 4.46 1 6.80 1 12.00 17 18.00 25 12.21
Medium Biomass Unmanipulated 17 0.17 16 3.32 19 6.48 17 9.92 27 92.73 34 49.86
Medium Biomass Salvaged 1 0.34 1 5.69 1 9.99 1 16.02 20 25.67 30 14.32
High Biomass Unmanipulated 16 0.75 17 3.35 20 5.64 18 6.76 29 169.19 82 70.55
High Biomass Salvaged 1 1.33 1 5.51 1 9.14 1 15.99 23 50.97 59 22.96
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152.5–162.1% higher than peaks predicted in unmanipulated plots
for 1-h, 10-h and 100-h fuel size classes, respectively. Average sur-
face fine woody fuel loadings remained higher in salvaged stands
for 18–22 years post-fire, but were slightly lower after this period
because of assumed burial or off-site removal.

Snags were the most abundant pool of coarse woody fuels imme-
diately post-fire, ranging in loadings from 93.74 to 268.80 Mg ha�1

across our sampled plots (Table 2). Fifty-percent of snag necromass
decayed or transferred to 1000-h fuels by 12, 14 and 15 years
post-fire in our simulated low, medium and high biomass plots,
respectively (Fig. 9). After 25–28 years post-fire, >90% of all snag
necromass had transferred to 1000-h fuels in all simulated plots. Sal-
vage logging reduced snag necromass in our simulations by >80%
one year post-fire because of our salvage logging prescription.
Retained snags were present for >20 years, but were <10% of initial
snag necromass after approximately 10 years post-fire, so they con-
tributed little to 1000-h fuel loadings after this period.

Temporal trends for 1000-h fuels were similar across all simu-
lated plots, although total loadings varied significantly by pre-fire
biomass (Fig. 9). The year of maximum 1000-h fuel loadings was
24, 27 and 31 years post-fire for the low, medium and high bio-
mass plots, respectively. Decomposition reduced 1000-h fuel load-
ings by 49.6% (from 115.0 to 58.0 Mg ha�1), 42.7% (from 161.9 to
92.7 Mg ha�1) and 34.8% (from 258.3 to 168.5 Mg ha�1) of initial
snag necromass prior to peak years. Salvage logging increased
1000-h fuel loadings for the initial 7 years post-fire across all sim-
ulated plots, but significantly reduced loadings in subsequent
years. 1000-h fuel loadings peaked 17, 18 and 22 years post-fire
for our simulated low, medium and high biomass plots, respec-
tively (Table 5). Salvage logging and decomposition reduced
1000-h fuel loadings by 80–84%, from 115.0 to 18.0 Mg ha�1,
161.9 to 25.7 Mg ha�1, and 258.3 to 51.0 Mg ha�1 of initial snag
necromass in the low, medium and high biomass plots prior to
peak years, respectively. Peak loadings occurred earlier than unma-
nipulated scenarios because 1000-h fuel decay rates are higher
than snag decay rates in dry-forest environments.

Available 1000-h fuel loadings were significantly less than total
loadings because of variation in combustion factors by decay state
(Fig. 9). Our simulations suggest only 59.2% (34.3 Mg ha�1), 47.8%
(44.3 Mg ha�1) and 22.3% (37.6 Mg ha�1) of maximum 1000-h fuel
loadings were available for combustion at peak coarse woody fuel
loadings for the low, medium and high biomass plots, respectively.
Available 1000-h fuel loadings peaked at 31, 34 and 82 years post-
fire for the low, medium and high biomass plots, respectively. Only
35.4% (40.7 Mg ha�1), 30.8% (49.9 Mg ha�1) and 27.3%
(70.5 Mg ha�1) of the initial snag necromass was available for com-
bustion at this time. The higher abundance of Douglas-fir snags
which stand longer, have higher wood densities, and decay at a
slower rate, resulted in a significantly later peak year for the high
biomass plot. Salvage logging significantly decreased total 1000-h
fuel loadings via offsite removal, but peak years were not signifi-
cantly altered.
4. Discussion

4.1. Limitations and uncertainty

Quantifying fuel succession as an ecological process using field
or modeling based research has important limitations to consider.
Some of these processes are not captured well using standard fuel
sampling techniques. Field sampling using Brown’s planar inter-
cept method (Brown, 1974) requires transect lengths up to 75 m
per plot to obtain accurate results, and transect lengths should
increase as fuel loading and particle size increases (Sikkink and
Keane, 2008). Accurate estimates of 1000-h fuel loadings require
transect lengths around 1000 m (Bate et al., 2004; Sikkink and
Keane, 2008), which is longer than those conducted in our field
sampling and therefore may exhibit considerable error. Addition-
ally, a finite pool of necromass must decrease with time because
of decomposition, which was not observed in all of our fuel loading
estimates (Fig. 7). This effect was partially a function of the planar
intercept method not accounting for wood density loss from
decomposition (Fasth et al., 2010), which positively biased field
estimates because losses could only result from fuel particles frag-
menting into smaller pieces or being removed from the sampling
plane. Inputs of fine woody fuels from sources other than dead bio-
logical legacies also influenced fuel trajectories. These inputs com-
pensated for decomposition losses in 1-h and 10-h fuel loadings
(Table 4), and contributed to the observed lack of fit between
model and field estimates. Our model validation procedure was
difficult to interpret because the primary source of error could be
field based and not a result of how the model was developed.

Of course, models are only as good as the information used to
develop and parameterize its functions and scenarios. We had to
make several assumptions that should be considered when evalu-
ating our results. Snag fall and fragmentation rates were derived
from empirical data obtained from temporal lengths shorter than
our modeling scenarios and therefore we assume the probabilistic
trends persist beyond the original sampling chronosequence. These
trends have little potential for deviation since greater than 95% of
snag mass had transferred by 24 years post-fire. The decay rates
used by the model require a similar assumption, and some were
obtained from published estimates that originally sampled in dif-
ferent forest types, although we did limit them to dry-forest envi-
ronments. Decay rates will vary by biophysical setting and
therefore the magnitude of fuel loadings and timing of peak load-
ings. The most challenging parameters to obtain were crown fuel
loadings by size class (Brown, 1978). Therefore, actual fine woody
fuel loadings could be different than predicted but would not influ-
ence the temporal trends and relative timing of peak loadings.

Salvage logging prescriptions can vary significantly depending
on management objectives (Ritchie et al., 2013; Donato et al.,
2013) but we have only represented one prescription. Our salvage
logging scenario was adapted from salvage logging estimates
reported by McIver and Ottmar (2007) in ponderosa pine forests



Fig. 9. Coarse woody fuels typically begin as snags, resulting in a lag in peak 1000-h fuel loadings as snags fall and/or fragment. These trend lines represent cumulative totals
with standard deviation error bars. Coarse woody fuels transition through various decay states depending on wood density. Sound 1000-h fuels had a wood density
>0.30 g cm�3, moderately-decayed 1000-h fuels had a wood density between 0.20 and 0.30 g cm�3, and highly-decayed 1000-h fuels had a wood density <0.20 g cm�3.
Available 1000-h fuels were estimated as 0.08, 0.50 and 0.95 of sound, moderately decayed and highly decayed 1000-h fuels in our model. Salvage logging significantly
reduced 1000-h fuel loadings after 7 years post-fire.
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of northeastern Oregon, which captured an average treatment pre-
scription applicable to the broad category of salvage logging, but
these prescriptions can be altered. For example, prescriptions
could retain a higher abundance of snags which would reduce
the magnitude of difference in fine woody fuels between salvaged
and unmanipulated stands during early in post-fire succession. In
turn, retaining a higher abundance of snags would increase 1000-
h fuel loadings and reduce any potential hazard reduction resulting
from their removal. The presented salvage scenario should be con-
sidered one prescription in a broad range of potential alternatives,
but offers a reasonable estimate of salvaging logging effects for
which to compare alternatives. Lastly, our post-fire management
assumes salvage logging was the only treatment, but additional
treatments could occur that might alter temporal fuel dynamics.
We describe some of these treatments and their importance in a
later section. Overall, we believe the model’s design and calcula-
tions stand alone as reasonable estimates of post-fire temporal fuel
dynamics in both unmanipulated and salvage scenarios.
4.2. Post-fire hazardous fuels

Fire hazard and risk have been variably defined, often leading to
considerable confusion in discussions, analyses and management
objectives (Miller and Ager, 2013). We define risk as the expecta-
tion of loss as determined by three risk components: (1) probabil-
ity of the event, (2) expected intensity and (3) one or more effects
related to the expected intensity. Fire hazard refers to the potential
loss given a fire event and incorporates risk components two and
three (Miller and Ager, 2013). A more explicit definition of fire haz-
ard relating directly to wildland fuels is ‘a fuel complex that
expresses the potential fire behavior for a given fuel type, regard-
less of fuel moisture content’ (Hardy, 2005). From this perspective
and a basic understanding of fire behavior, we can evaluate
changes in re-burn hazard over time as influenced by various fuel
components. A long-term temporal view is important because the
occurrence of fire is inherently uncertain in time, thus the effects of
fuels from dead biological legacies depend on when re-burn occurs.
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Fine woody fuels are the primary driver of several fire behavior
metrics, including rate-of-spread, fireline intensity and flame
length (Rothermel, 1972). As fine woody fuel loadings (especially
1-h fuels) increase, these metrics also increase given consistent fire
weather conditions (Scott and Burgan, 2005; Rothermel, 1972).
Our simulated results suggest fine woody fuel loadings increase
with time-since-fire for 15–20 years at unmanipulated stands,
potentially increasing re-burn fire hazard if fuel continuity is suffi-
cient to carry a flaming front. This temporal trend has been
observed in field estimates from other dry-forest environments
(Hall et al., 2006), and could explain the positive correlation
between re-burn severity and time-since-fire (Holden et al.,
2010; Parks et al., 2013). We expect re-burn hazard, as influenced
by fine woody fuels from dead biological legacies, to decrease after
20 years as these fuels decay.

Salvage logging increases fine woody fuel loadings in early post-
fire environments (Donato et al., 2013; McGinnis et al., 2010;
McIver and Ottmar, 2007), which has been suggested to increase
re-burn hazard (Donato et al., 2006). Median fine woody fuel load-
ings increased by >300% (totaling 6.4 Mg ha�1) in salvaged stands
relative to unmanipulated stands of southwest Oregon two years
post-fire (Donato et al., 2006). In dry-mixed conifer forests of Cal-
ifornia, salvage logging increased fine woody fuel loadings by 53–
62% (totaling 9.8–18.7 Mg ha�1) 4–6 years post-fire, although
stands 13–20 years post-fire showed no statistical difference in
fine woody fuel loadings (McGinnis et al., 2010). Salvage logged
stands had 477–600% (totaling 4.3–5.4 Mg ha�1) more fine woody
fuels than unmanipulated stands two years post-fire in dry pon-
derosa pine forests of northeastern Oregon, but fine woody fuel
loadings in these stands converged 20 and 25 years post-fire
(McIver and Ottmar, 2007). Our simulations suggest fine woody
fuel loadings increase by similar amounts, and remain higher for
up to 22 years post-fire. Any differences in re-burn hazard, associ-
ated with fine woody fuel loadings, between unmanipulated and
salvaged stands is likely concentrated to the second decade post-
fire because fire spread has been shown to be impeded by recent
fires for �9 years (Collins et al., 2009; Parks et al., 2013).

Fire exclusion during the 20th century has increased fuel load-
ings and fire hazard across landscapes (Hessburg et al., 2005),
which also impacts fuel conditions in the post-fire environment.
Combustion of 1000-h fuels can release high levels of energy
above- and belowground, leading to high mortality of recovering
vegetation (Buma and Wessman, 2011) and long-term impacts
on site productivity and microbial communities (Debano et al.,
1998; Hebel et al., 2009). Therefore, these higher tree densities
may result in higher surface areas being impacted by combustion
of 1000-h fuels after snag necromass transfer to surface fuels
(Monsanto and Agee, 2008). Using the same equations as
Monsanto and Agee (2008) for our 1000-h fuel transect data, total
surface area within the lethal zone 1000-h fuel combustion
increased linearly through time and averaged 44% after 24 years
post-fire (Bate et al., 2004). Our estimates varied by pre-fire stand
densities and ranged from 13% to 60% in our sampled plots,
although these estimates may not capture variability in 1000-h
fuel combustion associated with decay state and moisture content.
Tinker and Knight reported only 8% combustion of 1000-h fuels,
while Reinhardt et al. (1991) and Brown et al. (1991) reported
30–39% and 12–65% (mean 33%) combusted during prescribed fire,
respectively. Additionally, moisture content influences the propor-
tion of 1000-h fuels combusted. Brown et al. (1985) reported that
25–40% of 1000-h fuels combusted at fuel moistures around 30%,
but this percent increased to 80–100% when fuel moistures
dropped to approximately 10%. Moisture content could explain
the relatively higher combustion percentages observed for sound
and rotten 1000-h fuels in late-season prescribed fires when fuel
moistures are typically low (Uzoh and Skinner, 2009). These values
are within our modeled range of available 1000-h fuels, although
our simulations follow a pulse disturbance so combustion percent-
ages increase with time-since-fire. Salvage logging may reduce re-
burn hazard by decreasing the abundance and coverage of 1000-h
fuels in the post-fire environment (Ritchie et al., 2013).

Woody fuels represent only one aspect of the relevant re-burn
fuelbed environment, and salvage logging can only be expected
to alter fuels from dead biological legacies. Reestablishing vegeta-
tion (e.g. grass, shrubs) can form significant fuel layers themselves
(McIver and Ottmar, 2007; Weatherspoon and Skinner, 1995), and
become a source of fine woody fuels in early post-fire environ-
ments (Dunn and Bailey, in press). Sites dominated by shrub com-
munities have been shown to be positively correlated with
increased re-burn severity when it occurs within a couple decades
(Thompson and Spies, 2009; Parks et al., 2013). Salvage logging
does not directly target shrub establishment and growth so we
expect this fuel layer and resultant fuel inputs to be similar
between unmanipulated and salvaged stands (Lopez-Ortiz, 2007),
except when salvage logging temporarily slows establishment as
heavy machinery kills the initial flush of vegetation (Donato
et al., 2013). Understory woody vegetation cover averaged 70%
and 2 m in height at our 24 year post-fire field plots. This vegeta-
tion layer was dominated by snowbrush (Ceanothus velutinus)
and greenleaf manzanita (Arctostaphylos patula) which can be
highly flammable, especially during drought years or when late
season fires occur (Weatherspoon and Skinner, 1995). Leaf senes-
cence from reestablishing woody vegetation will contribute to lit-
ter and duff accumulation and, after approximately 15 years,
branch senescence inputs 1-h and 10-h fuels as crowns partially
died (Dunn and Bailey, in press). This shrub layer could persist
for decades more or gradually collapse as trees out-compete
shrubs (Nagel and Taylor, 2005), continuing to contribute to fine
woody fuel loadings. Eventually live vegetation will control fine
and coarse woody fuel inputs (Hall et al., 2006; Keyser et al.,
2009; Harmon, 2009), reducing the influence of dead-biological
legacies on fire hazard.

4.3. Management implications

Although salvage logging reduces coarse woody fuel loadings,
alone it does not mitigate re-burn hazard because it increases fine
woody fuel loadings and has little direct effect on reestablishing
vegetation. Spatial fidelity of high-severity fire has been observed
and may result from shrub crown combustion (Thompson and
Spies, 2009), or combustion of heavy fuel loadings that release
large amounts of heat (Odion et al., 2004). Therefore, additional
hazardous fuels treatments are required to reduce fine woody fuel
loadings (McIver and Ottmar, 2007) and the abundance of the
highly-combustible shrub fuel layer (Weatherspoon and Skinner,
1995). Shrub control would reduce woody vegetation biomass
but may increase herbaceous (i.e. grass and forbs) fuel loadings
in the near term (McGinnis et al., 2010), which can be a significant
fuel layer as it cures and becomes a combustible, continuous fuel-
bed (McIver and Ottmar, 2007). Additionally, intensive reforesta-
tion typically substitutes conifer biomass for shrub biomass,
limiting hazardous fuels reduction unless additional efforts are
employed to reduce and maintain crown continuity and surface
fuel loadings (Lyons-Tinsley and Peterson, 2012). Intensive post-
fire hazardous fuels treatments that influence all hazardous fuel
layers could have negative consequences on ecosystem function,
making them an undesirable mitigation strategy.

Long-term management strategies promoting fire resilient eco-
systems should maintain the ecological functions supported by
early seral habitats and coarse woody detritus, while mitigating
their contribution to fire hazard (Brown et al., 2003). Salvage log-
ging to enhance ecosystem resilience may not be appropriate if
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multiple ecosystem functions and resources are considered,
including; coarse wood use by wildlife (Cahall and Hayes, 2009;
Hutto, 1995; Fontaine et al., 2009; Saab et al., 2005), functional
attributes of early seral vegetation (Swanson et al., 2010), com-
pounding effects on soil and nutrient pools (Brais et al., 2000;
Triska and Cromack, 1980) and reduced water and carbon storage
(Harmon et al., 1986). Salvage logging intensity can be reduced to
maintain the ecological benefits of early seral habitats and coarse
woody detritus, but less intensive salvage logging retains more fine
and coarse woody fuels potentially limiting any re-burn hazard
reduction (Donato et al., 2013; Ritchie et al., 2013).

An alternative strategy for creating and maintaining fire resil-
ient ecosystems is to reduce re-burn probability rather than miti-
gating the fire hazard. Fire occurrence is primarily controlled by
ignition, fire weather conditions, suppression capabilities and
landscape fire spread (Finney et al., 2007). Individual stand level
treatments have little effect on fire occurrence, but can be incorpo-
rated into a broader perspective of landscape scale fuels manage-
ment programs to reduce re-burn probability (Ager et al., 2013).
Unfortunately, top-down climate and topographic controls on fire
behavior often override the effects of bottom-up fuel influences
(Lecina-Diaz et al., 2014; Schoennagel et al., 2004; Thompson
and Spies, 2010). Fire management agencies exacerbate this poten-
tial by suppressing 98% of fires before exceeding �120 ha during
subdued fire weather conditions. Thus, 97% of annual area burned
in the U.S. is caused by 2% of fires that escape initial attack (Calkin
et al., 2005) often during climatic conditions conducive to more
severe impacts. Alteration of this policy, by allowing more fires
to burn during subdued fire weather conditions is possible and
could be pursued as a means to expand and maintain hazardous
fuels reduction benefits (North et al., 2012). Reestablishing and
maintaining fire resilient landscapes for long time periods would
benefit from the proactive application of fire in lower severity por-
tions of burned landscapes (Larson et al., 2013). Prescribed burning
would minimize re-burn probability for approximately 9 years
post-fire by inhibiting fire spread through treated areas and into
stands previously burned at high-severity (Collins et al., 2009;
Parks et al., 2013). This strategy would also prevent the hazardous
fuel conditions fire and fuels managers are trying to mitigate from
developing again.
5. Conclusions

NecroDynamics models fuel loading transfer (from aerial to sur-
face fuels) and loss from dead biological legacies in greater detail
than existing models by accounting for differences in decay rates
by species, position, heartwood/sapwood and fuel particle size. We
have used this model to investigate unmanipulated temporal fuel
dynamics and salvage logging’s effects on fuel loadings, but the
model has broader applications to research and management that
involve fine and coarse woody detritus. For example, this model
can be used to predict snag and log abundance, longevity and decay
condition at stand and landscape scales, both of which are important
habitat features for many wildlife species (Hutto, 1995). The model
also builds the foundation for a comprehensive fuel succession
model that includes inputs from live vegetation. Understanding fuel
inputs and losses from multiple sources over time will aid in design-
ing hazardous fuel mitigation strategies, since manipulating fuels at
one point in time may have little effect on fuel loadings in the future.
These fuel loading estimates could be included in spatially explicit
models to determine optimal allocation of fuels treatments through
time, and the potential for expanding prescribed and wildland fire
use within previously burned landscapes. Additionally, the compre-
hensive decay functions in this model could be used to quantify
post-fire carbon pools and emissions to better understand the legacy
effects of fire on carbon resources. Although not a comprehensive
list, it is evident that this model offers important applications
beyond those used in this study.

We combined field and modeling based research methods to
investigate temporal fuel dynamics in unmanipulated and salvaged
stands. By combining these methods we were better able to quan-
tify fuel sources and losses through time. Snags are the primary
source of surface fine and coarse woody fuels, although reestab-
lishing vegetation is an additional post-fire fuel layer that contrib-
utes to fuel loadings. Fine and coarse woody fuels in
unmanipulated plots increased for two to three decades post-fire,
potentially increasing re-burn hazard (Figs. 8 and 7). Our modeling
results suggest salvage logging increased peak fine woody fuel
loadings by 150 – 200%, and these loadings remained higher for
approximately 22 years post-fire (Fig. 8). In contrast, our model
suggests salvage logging significantly reduces coarse woody fuel
loadings after approximately 7 years, which likely reduces re-burn
hazard for several decades depending on available 1000-h fuel
loadings (Fig. 9). Understory woody vegetation reestablishes rap-
idly in these dry-mixed conifer forests (Dunn and Bailey, in
press) and can be a highly-flammable fuel layer (Weatherspoon
and Skinner, 1995), as well as a source of post-fire fine woody fuels
when shrub crowns die (Table 4). This suggests salvage logging
alone will not mitigate contributions to re-burn hazard from dead
biological legacies when the temporal dynamics of multiple fuel-
beds (e.g. fine woody fuels, coarse woody fuels, and regenerating
vegetation) are evaluated. Reducing fuel loadings and their influ-
ence on re-burn hazard requires thoughtful manipulation of cur-
rent and future fuel inputs, including dead biological legacies and
recovering vegetation (Raymond and Peterson, 2005; Keyser
et al., 2009). The benefits post-fire hazardous fuels treatments have
on maintaining ecosystem resilience must be weighed against the
negative effects it has on the structure and function of these post-
fire environments if resilient landscapes remain the management
goal.
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