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Abstract for the entire project 
 
The mixed severity fire regime of western Oregon forests creates a complex post-fire landscape 
mosaic with patches of low, moderate and high overstory tree mortality that modifies fuel loads 
and reburn fire behavior. Conversion of old-growth forests into plantations and post-fire salvage 
logging are widespread land uses that dramatically affect structure, biomass and carbon stocks. 
Few studies, however, have quantified the complex responses to wildfire and land management 
(i.e. logging and post-fire salvage logging) over long time periods to understand how fuel 
structure, carbon storage, and potential for reburn are altered. 
. 
We quantified total aboveground biomass and composition in forest stands following low, 
moderate, and high severity fires 15 (2002 Apple Fire) and 29 years (1991 Warner Creek Fire) 
following fire in low elevation, old-growth forests dominated by Douglas-fir (Pseudotsuga 
menziesii). We also sampled post-fire responses in forest plantations (harvested prior to fire) and 
salvage-logged sites (harvested after fire) in the same fires. We then used this biomass data to 
parameterize the FCCS fire behavior model to estimate reburn fire intensity. 
 
Fire severity had dramatic effects on the partitioning of total aboveground biomass (TAGB). 
Most of the TAGB in high severity fires was sequestered in dead trees (>43%) and downed wood 
(>29%) while live trees comprised the largest component of TAGB (>62%) in low severity fires. 
In spite of differences in overstory mortality, there was no significant difference in the TAGB 
between the low, moderate and high severity fires 15 years following fire (Apple Fire). Similarly, 
there was no significant difference between the low and high severity burns 29 years following 
fire (Warner Creek Fire). Managed forests (salvage and plantations) had significantly lower post-
fire aboveground biomass and carbon storage that the natural forests. The TAGB of salvage 
logged sites was 49% and 42% that of the high severity sites at the Apple Fire and Warner Creek 
Fire, respectively. The mean TAGB of plantations was lowest of all fire and land use scenarios. 
At the Warner Creek Fire, TAGB of the plantations were <30% of that of the high severity fire 
sites (e.g. 326 and 984 Mg ha−1, respectively). This equates to a difference in aboveground carbon 
in the managed compared to the natural stands of 553 Mg CO2e ha−1 at the Apple Fire and 781 Mg 
CO2e ha−1 at the Warner Creek Fire. 
 
Modeled reburn at 15 and 29 years following fire had reduced rates of spread and flame length in 
low severity plots, while salvage logged (Apple Fire only) and high severity plots (Apple and 
Warner Fires) had higher intensity fire behavior. Reaction intensity was >40% higher in 
plantation plots than any other plot type due to increased density of small live and dead shrubs 
and trees. This research highlights the management tradeoffs involving values relating to carbon 
storage, wood harvest, and reburn risk reduction following wildfires.   
 
 We break out this final report into 2 parts. Part I is entitled Forest structure and biomass reflects 
the variable effects of fire and land use 15 and 29 years following fire in the western Cascades, 
Oregon.  Part II is entitled: Reburn intensity modified by fire severity and forest management in 
mesic mixed conifer forests.  
 

 



 
  

 
Part 1.  Forest structure and biomass reflects the variable effects of fire and land use 15 

and 29 years following fire in the western Cascades, Oregon 

 

Abstract  

The mixed severity fire regime of western Oregon forests creates a complex post-fire landscape 

mosaic with patches of low, moderate and high overstory tree mortality. Conversion of old-

growth forests into plantations and post-fire salvage logging are widespread land uses that 

dramatically affect structure, biomass and carbon stocks. Few studies, however, have quantified 

the complex responses to wildfire and land management (i.e. logging and post-fire salvage 

logging) over long time periods.  We quantified total aboveground biomass and composition in 

forest stands following low, moderate, and high severity fires 15 (2002 Apple Fire) and 29 years 

(1991 Warner Creek Fire) following fire in low elevation, old-growth forests dominated by 

Douglas-fir (Pseudotsuga menziesii).  We also sampled post-fire responses in forest plantations 

(harvested prior to fire) and salvage-logged sites (harvested after fire) in the same fires.  Fire 

severity had dramatic effects on the partitioning of total aboveground biomass (TAGB).  Most of 

the TAGB in high severity fires was sequestered in dead trees (>43%) and downed wood (>29%) 

while live trees comprised the largest component of TAGB (>62%) in low severity fires.  In spite 

of differences in overstory mortality, there was no significant difference in the TAGB between 

the low, moderate and high severity fires 15 years following fire (Apple Fire). Similarly, there 

was no significant difference between the low and high severity burns 29 years following fire 

(Warner Creek Fire).  Managed forests (salvage and plantations) had significantly lower post-fire 

aboveground biomass and carbon storage that the natural forests. The TAGB of salvage logged 

sites was 49% and 42% that of the high severity sites at the Apple Fire and Warner Creek Fire, 



 
  

respectively.  The mean TAGB of plantations was lowest of all fire and land use scenarios.  At 

the Warner Creek Fire, TAGB of the plantations were <30% of that of the high severity fire sites 

(e.g. 326 and 984 Mg ha-1, respectively).  This equates to a difference in aboveground carbon in 

the managed compared to the natural stands of 553 Mg CO2e ha-1 at the Apple Fire and 781 Mg 

CO2e ha-1 at the Warner Creek Fire.  This research highlights the management tradeoffs 

involving values relating to carbon storage and wood harvest following fires. 

 

Keywords: Fire ecology, Fire effects, Forest carbon stocks, Forest succession, Mixed-severity 

fire regimes, Total aboveground biomass. 

 



 
  

1. Introduction 

Some of the world’s most productive forests are found in the low to mid-elevations of the 

Cascade Mountains of the Pacific Northwest (Keith et al 2009).   Climate, topography and 

vegetation combine to create a complex mixed severity fire regime that characterizes these 

landscapes (Kilgore 1980, Agee 1993, Perry et al. 2011, Tepley et al 2013). The post-fire 

landscapes of forests in mixed severity regimes are typified by a mosaic of stands of varying fire-

induced mortality and successional stage and hence high landscape heterogeneity.  For example, 

on the 3,723 ha Warner Creek Fire 40% of the burn area was stand-replacing fires with >90% 

crown mortality (high severity), 36% was understory burned or not burned at all (< 25% crown 

mortality - low severity) and 24% had some intermediate level of crown mortality (moderate 

severity; Figure 1; Brown et al. 2013).  The range of fire effects imposed by mixed-severity fires 

is an important factor influencing structural diversity in these forests of the Pacific Northwest 

(Dunn and Bailey 2016).   This pattern results in a varied succession of both vegetation and fuels 

and has also been hypothesized to result in a differential reburn potential. Interactions between 

fire and land-use likely further constrain regional carbon storage in the Western Cascade 

Mountains (Hudiburg et al. 2009). Land management, fire suppression practices, and climate 

change have altered the natural structure, function, and resiliency of forests in the Cascades 

(Perry et al. 2011).  

 

A number of studies have examined short term differences in biomass responses to fire in both 

natural and managed forests with mixed severity regimes (Brown et al. 2013; Donato et al. 2006, 

Campbell et al. 2016).  However, data are lacking on the dynamics of change associated with 

differences in fire severity and management alternatives in the decades following fire (but see 



 
  

Peterson et al. 2015, Dunn and Bailey 2016).  Few studies have examined mid-term dynamics 

(i.e., 15-29 years post fire) of fuels or vegetation and reburn potential in the region, especially in 

the wet forest types (e.g., the Tsuga hetrerophylla zone) of this study (Halpern 1989).  In forests 

with no previous history of logging, we quantified composition and biomass 15- and 29-years 

following fire of differing severities. In these same fire areas, we also sampled managed forests 

that were plantations at the time of fire or salvage-logged sites which were burned forests that 

had been logged shortly following the fires.  

 

Our objectives were to 1) quantify how fire severity influences vegetation succession and 

biomass partitioning 15 and 29 years following fires; and 2) test for differences in post-fire 

succession and fuel dynamics between managed forests (plantations and salvage logged sites), 

and natural forests subjected to varying fire severities. We hypothesized biomass composition 

would reflect the differences in fire severity – the majority of biomass in high severity fires 

would be comprised of dead vegetation (snags and downed wood)  while the majority of the 

biomass in the low severity sites would be live vegetation (large conifers).  The proportion of 

live large trees in moderate severity-burn forests would be intermediate to that of the low and 

high severity sites.  We also hypothesized that  trajectories of total aboveground biomass, 

revegetation patterns, and residual large live and dead trees will be influenced by fire severity,  

pre-fire management (plantations vs. natural stands) and post-fire management (salvage logging). 

 

2. Methods 

2.1. Study Site(s) 

The study was located within three large complex fires in the Cascade Mountains, Oregon on the 



 
  

Willamette and Umpqua National Forests (Figure 1).  All fires burned in forests that were 

predominantly located in the Tsuga heterophylla potential natural vegetation zone (Franklin and 

Dryness 1973). The T. heterophylla zone is the most extensive vegetation zone in western 

Washington and Oregon and the most important in terms of timber production.  These forests 

develop in wet, mild, Maritime climates with a precipitation range of ≈1500 - 3000mm (Franklin 

and Dryness 1973).  Prior to the fires, sites were mostly dominated by Pseudotsuga menziesii 

and T. heterophylla.    

 

The first study area is a complex of two fires that occurred in close proximity to each 

other near the town of Oakridge, Oregon, USA (Figure 1).  The Warner Creek Fire burned 3,631 

ha on 10-23 October, 1991, and the Shady Beach Fire burned 3,180 ha in 1988.  Salvage logging 

was widespread within the perimeter of the Shady Beach Fire while no salvage occurred within 

the Warner Creek Fire.  Given similar composition and environments, these two fires provided a 

paired experiment to test effects of management on long term post-fire composition and 

structure. Hereafter, we refer to data from these fires as the Warner Creek Fires.  The Maritime 

climate produces wet, mild winters and warm, dry summers. Approximately 90 percent of 

precipitation occurs October through March, mostly as rain, with snow accumulating at higher 

elevations (Brown et al., 2013).  

 

  The second study area was the Apple Fire, which burned 7,745 ha within the Umpqua 

National Forest from 16 August to 8 September 2002. Within the Apple Fire, 15% had burned at 

high severity, occurring in both plantations and natural forest stands.  Post-fire management 

included some salvage logging thus also allowing us to sample this land use at this site.  



 
  

Precipitation ranges from ≈1500 - to 1900 mm/year and falls mostly as rain from October 

through May (Prism Climate Group 2004).  Our two study areas represent both wetter (Warner 

Creek Fires) and the drier (Apple Fire) conditions found within the T. heterophylla vegetation 

zone.  

 

 2.2.     Field Sampling Design 

 At both the Warner Creek Fires and the Apple Fire, we determined forest composition, tree 

density, basal area and total aboveground biomass (TAGB or fuel mass) in unlogged late 

successional forests (old-growth structure sensu Davis et al. 2015)  that had burned under three 

fire severities based upon overstory mortality: (1) low severity sites where <25% of the overstory 

had been killed by fire; (2) moderate severity where 25-75% of the overstory had been killed by 

fire and (3) high severity sites where >75% of the overstory had been killed by fire.  Prior to fire, 

all of the natural forest sites had no history of logging (old growth forests).  Also, we sampled 

sites that were young plantations (clear-cut logged 11-34 years before the fire, but had burned 

during the fire and replanted shortly thereafter).  Finally, we sampled sites that had been old 

growth forests at the time of fire but were harvested shortly following fire (salvage logged sites).  

Site selection was based upon stratifying sites based upon the fire severity maps for each of the 

fires. (Reiley et al. 2017, Figure 1).  Upon arriving to the stand, and prior to sampling, we 

confirmed the site was the targeted fire severity or land use class based upon overstory structure 

(percentage of live and dead trees), and for the low severity sites, the presence of char on the 

surviving boles.  At each of the 2 sites, we sampled 5 different stands of each of these fire/land 

use scenarios except for the Apple low severity and Apple salvage cover types where we only 

sampled 3 and 4 stands, respectively.  The lower sampling effort is an artifact of large wildfires 



 
  

occurring near our study sites at the time of sampling necessitating an evacuation of the study 

area before we could complete the field sampling.  At the Warner Creek Fires, we sampled 6 high 

severity burned sites and 4 salvage-logged sites.  

 

2.3. Field Measurements 

At each plot, vegetation composition and total aboveground biomass including live and 

dead vegetation, were determined in a manner similar to that used in the USDA Forest Service 

Forest Inventory and Analysis (FIA) program (Bechtold and Patterson 2005) and other studies 

that have quantified  forest structure and biomass throughout the region (Smithwick et al 2002). 

Within each sampled forest stand, live and dead woody vegetation were measured in 4 nested 

circular plots (Figure 2).   

2.3.1. Downed Wood 

Downed wood was sampled using the planar intersect technique (Van Wagner 1968; Brown 

1974). Within each subplot of each sampled stand, 4 downed wood transects were systematically 

established to ensure sample dispersion through the sampled stands. (Figure 2). The diameter 

classes used to partition downed wood were 0-0.64 cm, 0.65-2.54 cm, 2.55-7.5 cm, and sound 

and rotten classes  for  particles that were >7.6-cm; Table 1).  Lengths of the sampling plane 

varied among the wood size classes: 2 m for wood particles < 0.64 cm diameter, 5 m for wood 

0.65-2.54 cm diameter; 5 m for wood 2.55-7.6 cm diameter; and 12 m for all coarse wood > 7.6 

cm diameter. The diameter of each piece of wood > 7.6 cm diameter intercepting the plane was 

measured to the nearest half centimeter and was determined to be either sound or rotten 

(decayed). For the three downed wood size classes < 7.6 cm diameter, a quadratic mean diameter 

(Table 1) was utilized for equations through measurement of 50-100 particles of each size class 



 
  

at each site. Thereafter, for these classes, we counted the number of particles that intersected the 

sampling plane. Thirty to 50 randomly collected samples of each size class were measured for 

specific gravity (particle density; Table 1).  The slope of each transect was measured in the field 

using a clinometer to correct for slope (Brown 1974). 

 

2.3.2. Trees and shrubs 

Trees were stratified based upon the diameter of all trees at 1.3 m height (dbh).  Trees 

<10 cm dbh (which predominantly established following fire) were measured in 4 subplots with 

a 4 m radius.  Trees >10 cm in diameter are those that were predominantly present at the time of 

burning and were measured in larger circular plots with a 10 m radius.   To be included, trees had 

to have >50% of their rooted base within the plot.  For live trees, field measurements included 

species identification and diameter at breast height.  Biomass of trees and shrubs were 

determined by applying species specific allometric equations from BIOPAK (Means et al. 1994) 

and Chojnacky et al. (2014; Supplementary Table 1).  We also determined density and basal area 

of the live trees from these measurements. 

 

We partitioned standing dead trees into three classes based upon their degree of decay. 

Biomass of each dead tree decay class was calculated differently.  Class 1 dead trees were those 

that had recently died with fine branches still attached. This only included trees that had died 

well after the fire events.  Biomass was calculated by subtracting the predicted mass of live 

foliage from the predicted total mass.  Then, we corrected for wood decay by multiplying the 

Class 1 dead tree mass by 0.844 to account for decay (i.e., we determined the mean wood density 

of the standing dead trees was 0.38 g cm-3 compared to 0.45 g cm-3 for live trees). For Class 2 



 
  

trees where only the main stem and large branches were present (but the mainstem had not yet 

been broken), we subtracted the predicted mass of both foliage and fine branches.  We corrected 

for wood decay by multiplying the Class 2 dead tree mass by 0.844 to account for decay.  Dead 

Class 3 trees (including stumps) were those where the trunk had been broken (fragmented) and 

only part of the mainstem remained.  Biomass of this class was determined by multiplying the 

trunk volume (basal area times remaining trunk height) by dead wood specific gravity.  The 

density and basal area of dead trees were also determined from these measurements.  Total tree 

mass, density and basal area was calculated as the sum of both the live and dead trees. 

 

2.3.3. Organic horizons (litter and duff mass) 

Determination of organic horizon (litter and duff) mass required the development of an equation 

utilizing depth as the predictor variable. We collected 53 random samples of depth and bulk 

density in the low to high severity burn units, (Supplementary Table 2).   The mean bulk density 

of the organic horizon was 0.522 ± 0.04 g cm-3.  We found a power equation provided the best fit 

of the data (Figure 3): 

 

 y = 0.0899x1.1378 

 Where:  y= mass of the organic horizon (g cm-2) 

   x = depth of the organic horizon (cm) 

               R² = 0.71 

 

Depth of the organic horizons was then measured each m for 10 m along each fuel transect (n=40 

per sampled forest) and from these data we estimated mass of the organic horizons. Understory 



 
  

herbaceous and epiphytic vegetation constituted only a very small proportion of the total forest 

mass (Smithwick et al. 2002) and was not measured.  

 

2.3.4. Statistical Analysis  

Within each fire, we tested whether fire severity and/or management scenario led to 

differences in forest biomass components (i.e., trees, downed wood etc.) using Analysis of 

Variance (ANOVA).  When the P value of the ANOVA was <0.05 we conducted a Fisher’s 

Least Significant Difference test to determine which groups were significantly different. We also 

tested for differences in biomass data between the natural forest/fire scenario (the three fire 

severities combined) and managed landscapes (salvage logging and plantations combined) using 

ANOVA and these same multiple comparison procedures.  

 

3. Results 

3.1. Species Composition 

Twenty-nine years after fire in the Warner Creek sites, P menziesii comprised >98% of the 

surviving overstory tree mass in the moderate and high severity-fire stands.  In low severity fire 

stands P. menziesii accounted for 85% of surviving overstory trees suggesting that the less fire 

resistant trees survived in greater numbers in the low severity fire.  Similarly, 15 years following 

the Apple Fire, P. menziesii comprised 100% of the surviving trees in the high severity sites and 

94% of the live overstory tree mass in the moderate and low severity burned forest areas.    

There were significant differences in overstory structure due to varying fire severity.  At Warner 

Creek, live trees in low severity stands comprised 94% of the total basal area compared to only 

11% in the high severity stands (Table 2).  Similarly, live overstory tree density was 8 ha-1 in 



 
  

high severity stands compared to 297 ha-1 in the low severity stands. Similar patterns of basal 

area and density were measured at the Apple Fire (Table 2). 

There were 29 woody species that established following fire at the Apple Fire and 22 species that 

established post-fire at the Warner Creek Fire (Figure 4). Among the post-fire established 

cohorts, P menziesii was the most widespread species and was present in 93% of the sampled 

stands.  Other common species (and their occurrences) were Acer circinatum (68%), Alnus rubra 

(48%) and Thuja plicata (48%).  At the Apple Fire there were 6 species that occurred in >50% of 

the sampled stands.  P. menziesii occurred in 86% of the stands.  Other widely occurring species 

included Ceanothus veluntinus (68%), Holodiscus discolor (64%) and Arbutus menziesii (55%) 

(Figure 5). 

Land use (salvage logging and plantations) as well as fire severity strongly influenced post-fire 

succession and composition.  The understory composition in the Warner Creek low severity fires 

were a diverse mix of naturally established species with P. menziesii and A. circinatum 

accounting for 39 and 30 % of the post-fire established tree biomass, respectively.  In contrast, P 

menziesii accounted for 82 and 92% of the understory tree mass in moderate and high severity 

fire stands, respectively.  Plantations and salvage logged sites were dominated by a diverse mix 

of woody species with planted P. menziesii accounting for 64% of the post-fire mass in 

plantations and 45% in salvage logged sites at the Warner Creek Fire (Figure 4).   

At the Apple Fire, P. menziesii was also the most abundant understory species in high severity 

stands (66%), moderate severity stands (49%), plantations (41%) and salvage logged sites (34%) 

(Figure 5).   The conifers in the burned stands had naturally established whereas the plantations 

and salvage logged sites had been planted.  Pinus ponderosa trees were also abundant in the 

salvage logged stands (29%) and plantations (11%). Broad-leaved species were more abundant 



 
  

in the post-fire composition of the Apple Fire compared to the Warner Creek Fire.  A. 

macrophyllum was the most abundant species in the post-fire understory of the low severity fires 

(77%) at the Apple Fire (Figure 4).    

In addition to compositional differences, there were significant differences in the understory 

forest structure as manifested in basal area, density and mass.   At the Warner Creek Fire, post-

fire established tree basal area was almost 7-fold greater in the high (7.6 m2 ha-1) and moderate 

(7.9 m2 ha-1) severity fire sites compared to the plantations (1.3 m2 ha-1; Table 2).   Similarly, 

density of post-fire established trees in both the high and moderate sites exceeded 4,949 ha-1 

compared to 1,701 ha-1 in the plantations and 3,817 ha-1 in the salvage logged sites (Table 2).   

The mean mass of post-fire-established P menziesii (largely naturally established) was 23 Mg ha-

1 in the high severity sites and was significantly greater than the plantation and salvage logged 

sites (largely planted; <3.7 Mg ha-1).  Few P. menziesii established in the low severity fires 

where most of the late successional overstory remained intact.    

 

3.2. Forest mass and fuel loads 

There were large differences in the total aboveground biomass (TAGB) of the two fire sites. The 

TAGB of the low severity stands of the Apple Fire were 561 Mg ha-1 compared to 984 Mg ha-1 at 

the Warner Creek Fire.  This is reflective not only of the time since fire (29 compared to 15 

years) but also due to the soil and climatic differences at these two forested landscapes. The mass 

of each component of the ecosystem was typically higher at the Warner Creek forest stands 

compared to the Apple Fire (Tables 3 and 4). 



 
  

Even though there were inherent differences in forest biomass, both locations responded 

similarly to fire and to land use (Tables 3 and 4).   In spite of differences in overstory mortality, 

there was no significant difference (P >0.05) in the TAGB between the low, moderate and high 

severity fires 15 years following burning at the Apple Fire. Similarly, there were no significant 

differences (P ≤ 0.05) between the low and high severity burns 29 years following fire at the 

Warner Creek Fires.   In contrast, TAGB in salvage logged and plantation sites were 

significantly lower than the burned forests.  For example, the TAGB of the salvage-logged sites 

was 49% of that of the high severity sites at the Apple Fire and 42% of that of the high severity 

fires at the Warner Creek Fires.  The mean TAGB of plantations was lowest of all fire and land 

use scenarios.  At the Warner Creek Fires, TAGB of the plantations were <30% of that of the 

high severity fire sites (e.g. 326 and 984 Mg ha-1, respectively; Table 3).  

While there was no significant difference in the TAGB of the low, moderate and high severity 

sites, there were dramatic differences in where the biomass was sequestered.  As would be 

expected, the mass of live overstory trees declined with increasing fire severity.  For example, 

the large live tree mass was 349 Mg ha-1 in low severity sites and 27 Mg ha-1 in high severity-

burned stands at the Apple Fire (Table 4).  Similarly, live tree mass in high severity burns of the 

Warner Creek Fires was only 5% of that of the low severity sites (705 and 35 Mg ha-1, 

respectively; Table 3).   

 In contrast to live trees, the dead tree mass comprised 54% of the TAGB in the high severity 

stands, 34% in moderate severity stands and only 3% in the low severity stands at the Warner 

Creek Fires (Table 3).   Dead tree mass of the salvage logged and plantation sites was only 

different from that of the high severity sites (P ≤ 0.05).   At the Apple Fire, dead large tree mass 

in the plantations and salvage-logged stands were not significantly different (P=0.8) from that of 



 
  

the natural fire areas.  While there were some live overstory trees even in high severity burns at 

the Apple Fire, there were no live overstory trees in the sampled salvage logged sites suggesting 

both live and dead tree removal during post-fire harvest at this site.   

Organic horizon mass ranged from 31 to 60 Mg ha-1 at the Apple Fire and from 77 to 119 Mg ha-

1 at the Warner Creek Fires; Tables 3 and 4).   Salvage logged sites and plantations did not have 

a reduced mass of organic horizons compared to burned forest areas (P > 0.53).  Organic 

horizons comprised a large proportion of the TAGB in plantations and salvage logged sites 

compared to the burned forest stands.  For example, organic horizons comprised 8-11 % of the 

TAGB in the natural forest stands and 22 and 29% of the TAGB in the salvage logged and 

plantations, respectively, at the Warner Creek Fires.   

The largest quantities of downed wood were found in the high severity burns.  At both fire sites 

total downed wood increased with increasing fire severity. For example at the Warner Creek Fire 

downed wood in the natural forests ranged was 124 Mg ha-1 in the low severity fire, 146 Mg ha-1 

in the moderate severity fire and 269 Mg ha-1 in the high severity fire (Table 3).   Sites that had 

been harvested (managed sites) had lower quantities of downed wood than the natural forests 

(Figure 6).  There was significantly (P<0.05) more downed wood in the high severity burn stands 

than salvage logged or plantations.   

Large downed wood (>7.6 cm diam.) comprised a significant proportion of the TAGB especially 

in high severity fires.  The large wood component in high severity fires comprised 27% of the 

TAGB at the Warner Creek Fires and 36% of the TAGB at the Apple Fire.  In low severity fires, 

large wood comprised 12% at the Warner Creek Fires and 11% at the Apple Fire (Tables 3 and 

4).  The source of the downed wood was largely from dead treefall and fragmentation 

(breakage).  At the Apple Fire, 61% and 71% of the dead trees had fragmented at the time of 



 
  

sampling in the moderate and high severity burn sites.  At the Warner Creek Fire, >74% of the 

trees had fragmented.  These fragmentation rates are slightly higher than those observed by Dunn 

and Bailey (2016) who had also sampled fragmentation 7 years before our study. 

Sound large wood comprised the majority of the downed wood component in all sampled sites at 

the 15-year-old Apple Fire. In contrast, at the 29 year old Warner Creek Fires, the rotten large 

wood component comprised a larger proportion of the TAGB especially in the high severity 

stands as well as in the plantations and salvage logged sites (Tables 3 and 4).   

Fine wood (wood <2.54 cm diam) was only a minor component of the TAGB.  The fine wood 

component comprised <1.5% of the TAGB in the natural forests at the Warner Creek Fire and 

about 2% at the Apple Fire.  Fine wood comprised slightly greater proportions of the TAGB in 

the plantations and salvage sites, but there few differences across fire severities and land uses 

(Tables 3 and 4).   

 

4. Discussion 

Heterogeneous patterns of fire severity and land-use within forests characterized by mixed-

severity fire regimes contributed to the substantial variation in post-fire vegetation composition 

and fuels succession observed in our study. Land-use (plantation and salvage-logging) exhibited 

the greatest influences on total aboveground biomass and carbon stocks, while fire severity 

exhibited the greatest effects on the partitioning of live vs. dead trees to the TAGB. These results 

imply that potentially complex trajectories of forest succession in the western Cascade 

Mountains are influenced and mediated by feedbacks between disturbance characteristics and 



 
  

human-systems that develop over long time-scales, as has been suggested in recent literature 

(Peters et al. 2011, Grimm et al. 2017).  

4.1. Mass compared to other PNW forests 

Beyond a faint char on the bark of the late successional trees and downed logs, there were few 

readily observable signs of fire in the low severity burns, especially 29 years following fire. In 

contrast, the residual dead trees and a dense regenerating forest characterized moderate and high 

severity fires.  Assuming that the sampled stands within the low severity fires would be 

representative of late successional forests of the region, it is apparent that these forests were quite 

large in structure and biomass.  The TAGB of these forests were 562 Mg ha-1at the Apple Fire 

and 984 Mg ha-1 at the Warner Creek Fire (Tables 3 and 4).  In Western Cascade old growth 

forests similar to the Warner Creek Fires, Smithwick et al. (2002) reported the mean TAGB was 

≈1108 Mg/ha.   Their estimate of total detrital biomass (all aboveground dead vegetative 

materials) was similar within the low severity sites of this study.  Based upon forest inventories 

of the region, Law et al. (2018b) reported the mean TAGB to be about 458 Mg ha-1.  Their 

estimates of mean live tree biomass was 350 Mg ha-1, which is lower than the mean of the live 

trees following low severity fires at the Apple Fire (349 Mg ha-1) and at the Warner Creek Fires 

(749 Mg ha-1).  The lower TAGB estimate in Law et al. (2018) is likely because less productive 

forests outside of the T. heterophylla zone are included. Forests of the Apple and Warner Creek 

Fires are not out of the ordinary in terms of live biomass for the Tsuga heterophylla zone. 

4.2. Vegetation dynamics and fire 

P menziesii was the most abundant plant species following fire in the moderate and high severity 

fire stands (Figure 4).  This conifer accounted for 82 and 92% of the post-fire established tree 



 
  

mass in moderate and high severity fire stands, respectively.  This is in contrast somewhat with 

longstanding generalizations that planting is necessary following wildfire. Some have suggested 

that it could take more than 100 years to even establish conifer forests without conifer planting 

and subsequent shrub control (Sessions et al. 2004).  Our results of abundant natural conifer 

establishment in the decades following fire are similar to results of other studies in P. menziesii 

forests reporting conifer re-establishment occurring primarily during the first few years 

following fire (Brown et al. 2013; Tepley et al. 2017).    

 

4.3. Fuel dynamics and fire  

 

After 15 and 29 years, salvage-logged sites and plantations had significantly lower quantities of 

downed wood compared to high severity fire sites, but not to low severity fire sites.  The lower 

mass of wood in salvage-logged sites reported here differs from studies conducted soon after fire 

in forests of mixed severity regimes where downed wood in the salvage logged sites was higher 

than burned sites that were not logged (Donato et al. 2003; Campbell et al. 2016). Because of 

reductions in the mass of fire-killed trees, salvage logging has been suggested as a means of 

reducing future fire severity (forest mortality) (Peterson et al. 2015).  However, the mass of 

organic horizons can greatly affect plant mortality by fire because of its continuity at the soil 

surface in close proximity to roots and tree crowns (Varner et al 2007; Wooly et al 2011).  

Salvage logging did not affect the mass of the organic horizons (P=0.87 when testing between 

natural and managed forests).  In addition, the presence of large downed wood such as that found 

in the high severity sites may actually decrease the rate of fire spread (Sullivan et al. 2018), 

though they may increase crowning, torching, and spotting during existing high-intensity 



 
  

wildfires (Brown et al. 2003).  Further, the continuity of the live vegetation in the managed forest 

stands at the time of sampling would be sufficient for sustained combustion under late summer 

climatic and fuel moisture condition of this region. Zald and Dunne (2018) reported that 

intensive plantation forestry characterized by young forests and spatially homogenized fuels, 

rather than total pre-fire biomass, were the most significant drivers of wildfire severity. 

 

4.4. Biomass and carbon loss associated with salvage logging and plantation management 

There was no significant difference in the TAGB of salvage logged and plantations at both of the 

fire sites.  As such, we combined data from managed sites within each fire to examine how land 

use affects TAGB and carbon stocks (Figure 6).  Active forest management resulted in 

significantly lower TAGB compared to the natural forests (P =0.002 at the Apple Fire and 

P=0.03 at the Warner Creek Fires).  At the Apple Fire, the mean TAGB of the managed and 

natural sites was 241 Mg ha-1 and 555 Mg ha-1, respectively.   At the Warner Creek Fire, the 

mean TAGB of the managed and natural sites was 423 and 866 Mg ha-1, respectively (Figure 6).  

The most important differences in forest structure and biomass between natural and managed 

forests lie in significant decreases in total downed wood, live tree mass and dead large trees.  

These structural differences have important management implications with respect to wildlife 

habitat, and the functional role of these forests in carbon cycling (Law et al 2018). 

 

In the time since fire, there have likely been losses in carbon due to decomposition at all sites 

(Campbell et al. 2016, Acker et al. 2017).  This is apparent by a greater proportion of the downed 

wood at the Apple fire being composed of sound wood and a greater proportion of the downed 



 
  

wood at the Warner fire being composed of rotten wood (Tables 3 and 4). Further, it can be 

expected that losses via decomposition will continue in the decades to come (Janisch and 

Harmon 2002), but this will be offset to varying degrees by forest regeneration.  For example 

forest regeneration in these productive forests is evidenced by a tree mass in the moderate and 

high severity sites of 60 and 223 Mg ha-1 in the 29-year old Warner Fire (Table 3). 

 

  Is there a net loss of carbon from the salvage logged sites and plantations?   The harvest of 

biomass in managed forests could come at a cost of a loss in carbon storage and the values of 

these forests in climate change mitigation.  We found that land use (salvage logging and 

plantations) resulted in significantly lower TAGB than the burned late successional natural 

forests (Fig. 6). The total aboveground carbon in the managed forests was 553 Mg CO2e ha-1 

lower compared to unmanaged forests in the Apple Fire and 781 Mg CO2e ha-1 lower in 

unmanaged forests of the Warner Creek Fire. This likely reflects a realistic cumulative estimate 

of the greenhouse gas emissions due to land use at the 29 year old Warner Creek Fires.  At 30 y 

following harvest Smith et al. (2006)  assumed that all of the pulpwood (paper products)  would 

be in landfills or emitted by this time and  the wood used in modern building, including those of 

cross-laminated timber, outlive their usefulness and are replaced in about 30 y (Tollefson 2017; 

Law et al. 2018). Ingerson (2011) reported that as little as 1% of initial standing-tree CO2e may 

remain in products in-use and 13% in landfills at 100 years post-harvest. 

 

Fires are a natural disturbance process in the western Oregon landscape, yet with climate change, 

forest management, and fire suppression the fire regime that has shaped western Oregon forests 

for millennia is likely changing (e.g., Davis et al. 2017; Zald and Dunn 2018).  Managing the 



 
  

large carbon stocks present in the forests described in this study would facilitate balancing 

greenhouse gas emissions in the western USA (Law et al. 2018).  Throughout the successional 

progression in the decades following disturbances, such as fire, these forests continue to function 

as significant carbon sinks and stocks (Gray et al. 2016). 
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Figures 

 

Figure 1. The fire perimeters and burn severity (% live tree basal area loss) of study sites in 

mixed severity fire regime/forest landscapes of the Willamette and Umpqua National Forests, 

Oregon (Reiley et al. 2017). 

 

 

Figure 2. Experimental plot layout for quantification of species composition and total 

aboveground biomass of forests.   Components include live and dead trees (measured in circular 

plots depending upon size), downed wood (measured in 4 transects per subplot, and litter and 

duff mass (measured along fuel transects).  



 
  

 

 

Figure 3.   The relationship of the depth of the organic horizon (cm) to its mass (g cm-2).  

 

Figure 4.  The composition of woody vegetation that established following fire at the Warner 

Creek. Fires.  Data are the percent of the total live biomass that is comprised by each species. 

Species abbreviations are: ACCI - Acer circinatum, ACMA  - Acer macrophyllum, ALRU  - 



 
  

Alnus rubra, CEVE - Ceanothus velutinus, CHCH - Chrysolepis chrysophylla, COCO – Corylus 

cornuta, FRLA – Fraxinus latifolia, PSME – Pseudotsuga menziesii, QUGA – Quercus 

garryana, THPL - Thuja plicata, TSHE -  Tsuga heterophylla, and VAPA - Vacciniun 

parviflorum. 

 

 

Figure 5. The composition of woody vegetation that established following fire at the Apple Fire, 

2017.  Data are the percent of the total live biomass that is comprised by each species. Species 

abbreviations are: ACCI  - Acer circinatum, ACMA  - Acer macrophyllum, ALRU  - Alnus 

rubra, ARCO -  Arctostphylos Columbiana, ARME - Arbutus menziesii , BETULA - Betula sp, 

CADE - Calocedrus decurrans, CESA - Ceanothus sanguineas, CEVE - Ceanothus velutinus, 

CHCH - Chrysolepis chrysophylla, COCO – Corylus cornuta, CONU - Cornus nutallii, HODI - 

Holodiscus discolor, PIPO -  Pinus ponderosa, PSME – Pseudotsuga menziesii, QUGA – 

Quercus garryana, and VAPA - Vacciniun parviflorum. 



 
  

 

 

Figure 6.  Total aboveground biomass (Mg ha-1) of managed (plantations and salvage-logged) 

and natural (burned late successional forests).  Vertical small bars are one standard error of the 

total aboveground biomass. 

  



 
  

 
 
Table 1.  Specific gravity (g cm-3), mean diameter (cm) and the quadratic mean diameter (cm) of dead wood samples 
in low to high severity fires, Warner Creek Aug 2017 (29 years following fire).   
Particle diameter 

range (cm) 
Specific gravity 

(g cm-3) N 
Mean 

diameter (cm) 
N Quadratic mean 

diameter. (cm) 
< 0.64 cm 0.58± 0.02 34 0.38 ±0.01 99 0.40 

0.64-2.54 cm 0.52± 0.02 25 1.40 ±0.05 100 1.48 
2.54 -7.6 cm 0.41± 0.03 27 3.99 ± 0.13 83 4.15 

>7.6 cm sound 0.38 ±  0.02 52 -- -- -- 
>7.6 cm rotten 0.30 ± 0.01 48 -- -- -- 

 
  0 



 
  

Table 2.  Basal area and density of standing live and dead trees partitioned by large trees (prefire establishment and 
>10 cm dbh) and small trees (post fire establishment and <10 cm dbh). Numbers are mean with standard errors in 
parentheses.  The P values are results of the Analysis of Variance testing for differences between the land use/fire cover 
types. Different superscripted letters note a significant difference between the land use/fire cover types.  

Large Trees (pre-fire establishment) 
 Dead basal area (SE) Dead density (SE) Live basal area (SE) Live Density (SE 

Apple Low 17 (10)a 82 (14)a 41 (9)b 172 (81)b 
Apple Moderate 29 (9) a 144 (45)a 26.6 (10.0)b 48 (19)a 
Apple High 41 (10) a 220 (64)a 2.9 (2.9)a 6 (6)a 
Apple Salvage 43 (9)a 236 (32)a 0.0 (0.0)a 0 (0)a 
Apple Plantation 29 (5)a 167 (53)a 1.4 (1.3)a 13 (6)a 
P-value 0.28 0.37 0.0002 0.0032 
        
Warner Low 9 (3)b 37 (20)b 76.2 (12.7)c 207 (28)b 
Warner Moderate 39 (10)a 102 (8)ab 22.5 (5.5)ab 132 (43)ab 
Warner High 63 (11)a 137 (33)a 3.6 (2.4)a 8 (4)a 
Warner Salvage 43 (13)a 111 (16)ab 24.0 (6.3)ab 233 (47)bc 
Warner Plantation 45 (10)a 70 (17)ab 26.3 (9.4)b 374 (86)c 
P-value 0.0136 0.046 0.0000 0.0003 

Small Trees (Post-fire establishment) 
 Dead Basal Area (SE) Dead Density (SE) Live basal area (SE) Live Density (SE) 

Apple Low 0 (0)a 0 (0)a 0.5 (0.3)a 1376 (190)a 
Apple Moderate 0 (0)a 40 (21)a 2.4 (1.2)a 3094 (1157)ab 
Apple High 0 (0)a 179 (143)a 2.9 (1.4)a 3382 (1246)ab 
Apple Salvage 0 (0)a 87 (87)a 2.2 (1.1) a 3407 (623)ab 
Apple Plantation 0 (0)a 477 (477)a 2.7 (2.0)a 7062 (2757)b 
P-value 0.76 0.69 0.57 0.24 

     
     
Warner Low 0 (0)a 139 (104)a 1.6 (0.5)a 2099 (779)ab 
Warner Moderate 0 (0)a 338 (212)a 7.9 (2.2)b 5560 (1751)a 



 
  

Warner High 0 (0)a 456(340)a 7.6 (2.8)b 4949 (1930)ab 
Warner Salvage 1 (1)a 671 (365)a 1.3 (0.5)ab 3817 (1114)ab 
Warner Plantation 0 (0)a 126 (102)a 1.3 (0.1)a 1701 (690)b 
P-value 0.60 0.77 0.0237 0.26 

 1 
 2 
Table 3. Forest biomass 26-29 years following fire at the Warner Creek Fires, Willamette National Forest, Oregon.   Numbers are means (Mg 
ha-1) and one standard error (in parentheses).  P values are results of the Analysis of Variance testing for differences between the land 
use/fire cover types. Different superscripted letters note a significant difference between the land use/fire cover types. 

Site Dead Large tree Live lg tree Tot large tree Live small tree Dead sm tree Total small tree 
Warner Creek Fires 

P value 0.0045 0.0000 0.0163 0.0349 0.4100 0.1427 
Low 31.3 (18.0)b 705.1 (141.8) a 736.3 (132.9)a 3.8 (1.3) c 0.0 (0.0)a 3.8 (8.3)c 

Moderate 226.3 (88.7) b 202.2 (50.9) b 428.4 (129.2)b 21.4 (8.2)ab 0.2 (0.1) a 21.6 (8.3)ab 
High 505.5 (137.7)a 35.1 (24.3) b 540.5 (139.6)ab 25.0 (7.4)a 0.4 (0.3) a 25.4 (1.2)a 

Salvage 98.0 (65.8)b 165.1 (53.5) b 263.2 (50.1)bc 8.3 (0.5)bc 1.5 (1.3) a 9.8 (1.5)bc 
Plantation 9.7 (2.3)b 87.8 (7.5) b 97.5 (8.1) c 3.3 (1.2)c 0.6 (0.6) a 3.7 (1.1)c 

 3 
Table 3. (Warner Creek and Shady Beach continued)  

Site Duff mass 
>7.6 cm 
Sound >7.6 cm Rotten 0 – 0.64 cm 0.65- 2.54 cm 2.55 – 7.6 cm 

Total wood 
mass Total  mass 

Warner Creek Fires 
P value 0.7493 0.2941 0.0082 0.3670 0.1741 0.0116 0.0019 0.0045 
Low 119.3 (29.3) a 63.4 (20.5)ab 50.9 (3.3)b 1.5( 0.4) a 2.9( 0.6) a 5.6 (1.4)ab 124.3 (19.8) bc 983.7 (140.5) a 
Moderate 77.4 (8.6) a 72.8 (32.7)a 63.6 (8.0)b 1.1 (0.3) a 2.8 (0.5) a 5.8 (1.0)ab 146.2 (35.9) b 673.6 (144.4)bc 
High 93.3 (22.4) a 91.0 (24.7)a 165.3 (36.4)a 1.2 (0.2) a 3.2 (0.5) a 8.2 (1.3)a 269.0 (40.4)a 928.2 (136.0)ab 
Salvage 93.3 (17.8) a 8.7 (8.7)b 44.2 (23.8)b 0.8 (0.1) a 1.6 (0.1) a 1.3 (0.4)c 56.7 (22.2) c 422.9 (44.0)cd 
Plantation 93.3 (22.0) a 52.5 (21.5)ab 71.0 (21.1)b 0.9 (0.2) a 1.8 (0.5) a 4.5 (1.2)b 130.8 (15.1) bc 325.7 (27.1)d 
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Table 4. Forest biomass 15 years following fire at Apple Fire, Umpqua National Forest, Oregon.   Numbers are means (Mg ha-1) and one 
standard error (in parentheses).  P values are results of the Analysis of Variance testing for differences between the land use/fire cover 
types. Different superscripted letters note a significant difference (P≤,0.10) between the different land cover types (fires and land uses.)  

Site  Dead Lg tree  Live Lg tree Tot lg tree Live small tree Dead sm tree 
Total small 

tree 
Apple Fire 

P value 0.759 0.0011 0.0180 0.60 0.4625 0.5977 
Low 110.7 (94.2) a  349.2 (91.3) a 459.9 (23.6)a 1.3 (1.2) a 0.0 (0.0) a 1.3 (1.2) a 
Moderate 126.8  (47.6) a 256.3 (89.7) a 383.1 (74.8)ab 5.3 (3.1) a 0.2 (0.2) a 5.3 (3.1) a 
High 216.4 (106.4) a 27.1 (27.1) b 243.5 (97.5)bc 8.2 (5.3) a 0.0 (0.0) a 8.2 (5.3) a 
Salvage 132.4 (73.5) a 0.0 (0.0) b 132.4 (73.5)c 4.6 (1.8) a 0.0 (0.0) a 4.6 (1.8) a 
Plantation 85.1 (46.7) a 12.2 (11.5) b 97.4 (47.7)c 4.2 (2.0) a 0.1 (0.1) a 4.2 (2.1) a 

 
 
Table 4 (Apple Fire biomass continued) 

 
Site Duff mass 

>7.6 cm 
Sound >7.6 cm Rotten 0 - 0.64 cm 0.65-2.54 cm 2.55 – 7.6 cm Total wood mass Total  Mass 

Apple Fire 
P value 0.5386 0.1261 0.0537 0.3178 0.1005 0.2321 0.0401 0.0033 
Low 31.0 (4.4) a 42.2 (15.1)c 18.2 (10.9)bc 1.2 (0.1) a 3.5 (0.6)ab 4.0 (0.7) a 69.2 (23.1)bc 561.4 (50.6)a 
Moderate 48.0 (5.9) a 96.7 (27.5)ab 51.8 (11.4)a 1.2 (0.1) a 3.6  (0.5)a 7.7 (0.2) a 161.1 (33.0)ab 597.9(39.2)a 
High 59.7 (14.7) a 139.6 (34.1)a 46.4 (13.6)ab 1.2 (0.1) a 2.9 (0.1)abc 7.3 (1.2) a 197.3 (32.0)a 508.7 (94.4)a 
Salvage 42.0 (12.2) a 74.1 (49.1)ab 17.2 (11.0)c 0.8 (0.1) a 2.1 (0.6)c 5.0 (1.4) a 99.1 (59.8)bc 278.2 (106.8)b 
Plantation 55.2 (12.8) a 32.2 (10.6)c 14.2 (4.3)c 1.1 (0.3) a 2.4 (0.4)bc 5.2 (1.7) a 55.0 (13.5)c 211.8 (50.8)b 

7 



 
  

References 

Acker, S.A., Kertis, J., Pabst, R.J., 2017. Tree regeneration, understory development, and biomass dynamics following wildfire in a 

mountain hemlock (Tsuga mertensiana) forest. Forest Ecology and Management 384: 72–82. 

http://dx.doi.org/10.1016/j.foreco.2016.09.047 

Agee, J. K., Huff, M. H., 1980. First year ecological effects of the Hoh Fire, Olympic Mountains, Washington. In: Martin, Robert E.; 

Edmonds, Donald A.; Harrington, James B.; [and others], eds. Proceedings, 6th conference on fire and forest meteorology; 

1980 April 22-24; Seattle, WA. Bethesda, MD: Society of American Foresters: 175-181. 

Andrews, P. L., Bevins, C. D., Seli, R. C., 2008. BehavePlus fire modeling system, version 4.0: User's guide. General Technical 

Report RMRS-GTR-106WWW. Revised. Ogden, UT: U.S. Department of Agriculture, Forest Service, Rocky Mountain 

Research Station. 132 p 

Bechtold, W.A., Patterson, P.L., 2005. The enhanced forest inventory and analysis program - national sampling design and estimation 

procedures. Gen. Tech. Rep. SRS-80. Asheville, NC: U.S. Department of Agriculture, Forest Service, Southern Research 

Station. 85 p. 

Beschta, R. L., Rhodes, J.J., Kauffman, J.B., Gresswell, R.G., Minshall, W., Karr, J.R., Perry, D.A., Hauer, F.R., Frissel, C.A.,  2004.  

Postfire management on forested lands of the western United States.  Conservation Biology. 18, 957-967. 

Brown, J.K. 1974. Handbook for inventorying downed woody material. INT-GTR-16. Ogden, Utah: U.S. Department of Agriculture, 

Forest Service, Intermountain Forest and Range Experiment Station. 26p. 

Brown, J.K., Reinhardt, E.D., Kramer, K.A., 2003. Coarse woody debris: managing benefits and fire hazard in the recovering forest. 

Gen. Tech. Rep. RMRSGTR-105. Ogden, UT: U.S. Department of Agriculture, Forest Service, Rocky Mountain Research 

https://www.google.com/url?q=http://dx.doi.org/10.1016/j.foreco.2016.09.047&sa=D&ust=1549395758284000&usg=AFQjCNFD9hXWrNAF4sd9UzIA8qPzF7Nh6w


 
  

Station. 16 p. 

Brown, M.J., Kertis, J., Huff, M.J., 2013. Natural tree regeneration and coarse woody debris dynamics after a forest fire in the western 

Cascade Range USDA Forest Service Research Paper PNW-RP-592. 50p. 

Campbell J.L., Donato D.C., Fontaine J.B., 2016. Effects of post-fire logging on fuel dynamics in a mixed-conifer forest, Oregon, 

USA: a 10-year assessment.  International Journal of Wildland Fire http://dx.doi.org/10.1071/WF15119. 

Chojnacky, D.C., Heath, L.S., Jenkins, J.C., 2014.  Updated generalized biomass equations for North American tree species. Forestry. 

87:129-151. doi:10.1093/forestry/cpt053. 

Davis, R.J., Yang, Z., Yost, A., Belongie, C., Cohen, W.B., 2017. The normal fire environment—Modeling environmental suitability 

for large forest wildfires using past, present, and future climate normals. Forest Ecology and Management 390: 173-186. 

Davis, R.J., Ohmann, J.L., Kennedy, R.E., Cohen, W.B., Gregory, M.J., Yang, Z., Roberts, H.M., Gray, A.N., Spies, T.A., 2015. 

Northwest Forest Plan – The first 20 years (1994-2013): status and trends of late-successional and old-growth forests. PNW-

GTR-911, Pacific Northwest Research Station, USDA Forest Service, Portland, OR. 

Donato, D.C., Fontaine, J.B., Campbell, J.L., Robinson, W.D., Kauffman, J.B., Law, B.E., 2006.  Post-wildfire logging hinders 

regeneration and increases fire risk. Science. 311: 352. 

Donato, D.C., Fontaine, J B., Kauffman, J B., Robinson, W.D., Law, B.E., 2013. Fuel mass and forest structure following stand-

replacement fire and post-fire logging in a mixed-evergreen forest.  International Journal of Wildland Fire. 22:  652-666. 

Dunn, C.J., Bailey, J.D., 2016.  Tree mortality and structural change following mixed-severity fire in Pseudotsuga forests of Oregon’s 

western Cascades, USA.  Forest Ecology and Management 365: 107-118. https://doi.org/10.1016/j.foreco.2016.01.031. 

https://doi.org/10.1016/j.foreco.2016.01.031


 
  

Franklin, J.F., Dryness, C.T., 1973.  Natural Vegetation of Oregon and Washington.  USDA GTR PNW-8. 

Gray, A. N., Whittier, T.R., Harmon, M.E., 2016. Carbon sticks and accumulation rates in Pacific Northwest forests: role of stand age, 

plant community, and productivity. Ecosphere 7: e01224 . 

Grimm, N.B., Pickett, S. T. A., Hale, R.L., Cadenasso, M.L., 2017. Does the ecological concept of disturbance have utility in urban 

social–ecological–technological systems? Ecosystem Health and Sustainability 3: e01255. 

Halpern, C.B., 1989. Early Successional Patterns of Forest Species: Interactions of Life History Traits and Disturbance. Ecology 

70:704–720. 

Hudiburg, T., Turner, D.P., Campbell, J., Donato, D., Duane, M. 2009.  Carbon dynamics of Oregon and Northern California forests 

and potential land‐based carbon storage. Ecological Applications. 19:163-180. https://doi.org/10.1890/07-2006.1. 

Janisch, J.E., Harmon, M.E., 2002. Successional changes in live and dead wood carbon 

stores: implications for net ecosystem productivity. Tree Phys. 22, 77–89.  

Harmon, M.E., 2009. Woody detritus mass and its contribution to Carbon dynamics of old-growth forests: the temporal context. Pp. 

159-189 in C. Wirth et al. (eds.), Old‐growth forests, ecological studies 207. Springer‐Verlag Berlin Heidelberg. 

Ingerson, A. 2011.  Carbon storage potential of harvested wood: summary and policy implications.  Mitig Adapt Strateg Glob Change. 

16:307–323. DOI 10.1007/s11027-010-9267-5. 

Keith, H., Mackey, B.G., Lindenmayer, D.B., 2009. Re-evaluation of forest biomass carbon stocks and lessons from the world’s most 

carbon-dense forests. Proc. Natl. Acad. Sci. 106, 11635–11640. http://dx.doi.org/10.1073/pnas.0901970106.  

https://doi.org/10.1890/07-2006.1
https://www.google.com/url?q=http://dx.doi.org/10.1073/pnas.0901970106&sa=D&ust=1549395758322000&usg=AFQjCNGtryJs-0J0ammFJZ6vf7eG2AklLg


 
  

Law, B.E., et al. 2018 Land use strategies to mitigate climate change in carbon dense temperate forests.  Proceedings National 

Academy of Sciences. doi/10.1073/pnas.1720064115. 

Means, J. E., Hansen, H.A., Koerper, G.J., Alaback, P.B., Klopsch, W.M., 1994. Software for computing plant biomass—BIOPAK 

users guide. General Technical Report PNW-GTR-340. 

Perry, D.A., 2011. The ecology of mixed severity fire regimes in Washington, Oregon, and Northern California. Forest Ecology and 

Management 262: 703-717Peters, D. P. C., Lugo, A.E., Chapin III, F.S., Pickett, S.T.A., Duniway, M. Rocha, A.V., Swanson, 

F.J., Laney, C. Jones, J., 2011. Cross-system comparisons elucidate disturbance complexities and generalities. Ecosphere 2: 1-

26. 

Peterson, D.W., Dodson, E.K., Richy, R.J., 2015.  Post-fire logging reduces surface woody fuels up to four decades following 

wildfire.  Forest Ecology and Management. 38: 84-91. 

PRISM Climate Group, Oregon State University, http://prism.oregonstate.edu, created 4 Feb 2004 

Reilly, M. J., Dunn, C.J., Meigs, G.W., Spies, T.S., Kennedy, R.E., Bailey, J.D., Briggs, K., 2017. Contemporary patterns of fire 

extent and severity in forests of the Pacific Northwest, USA (1985–2010). Ecosphere 8: e01695. 

https://doi.org/10.1002/ecs2.1695. 

Sessions, J., Bettinger, P., Buckman, R., Newton, M., Hamann, J., 2004. Hastening the return of complex forests following fire: the 

consequences of delay. Journal of Forestry. 102: 38–45. 

Smithwick, E.A., et al.  2002. Potential upper bounds of carbon stores in forests of the Pacific Northwest.  Ecological Applications 12: 

1303–1317. 

Sullivan, A.L., Surawskia, N.C., Crawford, D., Hurley, R.J., Volkova, L., Weston C.J., Meyer, C.P., 2018.  Effect of woody debris on 

https://doi.org/10.1002/ecs2.1695


 
  

the rate of spread of surface fires in forest fuels in a combustion wind tunnel.  Forest Ecology and Management: 424: 236-245. 

https://doi.org/10.1016/j.foreco.2018.04.039. 

Tepley, A.J., Swanson, F.J., Spies, T.A., 2013. Fire-mediated pathways of stand development in Douglas-fir/western hemlock forests 

of the Pacific Northwest, USA. Ecology: 94(8), 2013, pp. 1729–1743. 

Tepley, A J., Thompson, J.R., Epstein, H.E., Anderson-Teixeira, H.J., 2017. Vulnerability to forest loss through altered post-fire 

recovery dynamics in a warming climate in the Klamath Mountains. Global Change Biology 23: 4117-4132. 

Tollefson, J. 2017. The wooden skyscrapers that could help to cool the planet. Nature 545:280–282. 

Van Wagner, C.E.  1968.  The line intersect method in forest fuel sampling.  Forest Science 14: 20-26. 

Varner, J.M, Hiers, J.K, Ottmar, R.D., Gordon, D.R., Putz, F.E., Wade, D.D., 2007.  Overstory tree mortality resulting from 

reintroducing fire to long-unburned longleaf pine forests: The importance of duff moisture.  Canadian Journal of Forest 

Research 37(8): 1349-1358. 

Woolley, T., Shaw, D.C., Ganio, L.M., Fitzgerald, S., 2011. A review of logistic regression models used to predict post-fire tree 

mortality of western North American conifers. International Journal of Wildland Fire 21, 1-35. 

Zald, H.J., Dunn, C.J., 2018.  Severe fire weather and intensive forest management increase fire severity in a multi‐ownership 

landscape.  Ecological Applications. 28:1068-1080. https://doi.org/10.1002/eap.1710. 

 

Supplementary Information for Chapter 1.  

https://doi.org/10.1016/j.foreco.2018.04.039
https://doi.org/10.1002/eap.1710


 
  

  
Supplementary Table 1. Equations utilized to determine ecosystem biomass, fuel loads and 
aboveground carbon stocks.  All diameters are in cm; all mass is in kg.  
Species Equation Cite 
Cuppressaceace 
(Calocedrus and Thuja) 

ln biomass = -2.7765 + 2.4195(ln 
dbh) 

Chojnacky et al. (2014)  

Tsuga heterophylla 
 

ln biomass = -2.9208 +2.5697(ln 
dbh) 

Chojnacky et al. (2014) 

Pseudotsuga menziesii (>10 
cm dbh) 

ln biomass = -2.4623 + 2.4852(ln 
dbh) 

Chojnacky et al. (2014) 

Pseudotsuga menziesii (>10 
cm dbh) 

ln biomass = 4.98412 +2.18584 *ln 
(dbh) x .001 

Means et al. (1994) 
eq.301 

Taxus brevifolia ln biomass = -2.9208 + 2.5697(ln 
dbh) 

Chojnacky et al. (2014) 

Abies grandis ln biomass = -3.1774 + 2.6426(ln 
dbh) 

Chojnacky et al. (2014) 

Acer spp  ln biomass = -2.0470 + 2.3852(ln 
dbh) 

Chojnacky et al. (2014) 

Alnus rubra ln biomass = -2.5932 + 2.5349(ln 
dbh) 

Chojnacky et al. (2014) 

Corylus  cornuta ln biomass = -2.2118 +2.4133 (ln 
dbh) 

Chojnacky et al. (2014) 

Chrysolepis chrysophylla ln biomass = -2.2118 +2.4133 (ln 
dbh) 

Chojnacky et al. (2014) 

Vaccinium parvifolium  ln biomass = 3.761 + 2.37498 * 
ln(stem basal diam) 
 

Means et al. (1994) (eq 
187) 

Arbutus menziesii biomass = -0.108 + 0.117 * (Stem 
Basal area) 

Means et al. (1994) (eq 
816) 

Ceanothus velutinus ln(biomass ) =  3.5247 + 
2.2043*ln(stem basal diam) 
 

Means et al. (1994) (eq 
740) 

Fraxinus latifolia ln(biomass= -1.8384+2.3524*(ln dbh) Chojnacky et al. (2014) 
Quercus spp (kelloggii and 
garryana) 

ln biomass = -2.0705 + 2.4410 (ln dbh) Chojnacky et al. (2014) 



 
  

Pinus spp (ponderosa and 
lambertiana) 

Ln biomass = -2.6177 + 2.4638 (ln dbh) Chojnacky et al. (2014) 

Pinus foliage biomass Ln foliage = -3.7739 + 2.0039*ln 
(dbh) 

Means et al. (1994) 
eq.58 

Pinus branch biomass Ln branch biomass = -
5.2900+2.6524*ln (dbh) 

Means et al. (1994) eq 
59 

foliage biomass (Thuja and 
Calocedrus) 

Ln foliage = -2.617 + 1.7824*ln 
(dbh) 

Means et al. (1994) eq. 
46 

branch biomass (Thuja and 
Calocedrus) 

Ln branch = -3.2661 + 2.0877*ln 
(dbh) 

Means et al. (1994) eq. 
47 

foliage biomass (>10 cm 
dbh) Pseudotsuga mensiezii  

Ln foliage =  biomass = -2.8462 
+1.7009 *ln (dbh) 

Means et al. (1994) eq.9 

branch biomass 
(Pseudotsuga mensiezii) 

Ln branch = -3.6941 + 2.0877*ln 
(dbh) 

Means et al. (1994) 
eq.10 

Pseudotsuga mensiezii 
foliage biomass (<10 cm 
dbh 

Ln foliage =3.3286 + 2.0397* ln 
dbh*.001 

Means et al. (1994) 
eq.303 

foliage biomass (Arbutus 
and Chrysolepis) 

Ln foliage  biomass = -3.123 + 
1.693 *ln (dbh) 

Means et al. (1994) 
eq.40 

branch biomass  
(Arbutus and Chrysolepis) 

Ln branch biomass = -4.579 + 2.576 
*ln (dbh) 

Means et al. (1994) eq. 
41 

foliage biomass (Alnus 
rubra) 

Ln foliage = -93551 + 3.2434 * ln 
(dbh) 

Means et al. (1994) 
eq.272 

branch biomass (Alnus 
rubra) 

Ln branch biomass = -7.8197 + 
3.4886 *ln (dbh) 

Means et al. (1994) eq. 
274 

foliage biomass (Acer 
macrophyllum) 

Ln foliage = -3.7675 + 1.617 * ln 
(dbh) 

Means et al. (1994) 
eq.32 

branch biomass (Acer 
macrophyllum) 

Ln branch biomass = -4.236 + 2.430 
* ln (dbh) 

Means et al. (1994) eq. 
33 

Branch biomass (Acer 
circinatum)  

Ln branch = -1.6650+3.510*ln 
(dba)*.001 

Means et al. (1994) eq. 
78 

Foliage biomass (Acer 
circinatum) 

Ln foliage biomass = (1.8820 
+1.974 *ln (basal diameter)*.001 

Means et al. (1994) eq. 
76 

Shrubs   
Arctostaphyos columbiana Ln (BAT) = 3.4661+2.421* ln 

(DBA) *0.001 
Means et al. (1994) eq. 
1060 



 
  

Betula spp Ln (biomass) = -
2.271+2.4513*ln(dbh) *0.001 

Chojnacky et al. (2014) 

Corylus cornuta Ln (BAE) = 3.7190 +2.989 * ln 
(DBA) *0.001 

Means et al. (1994) eq. 
106 

Corylus cornuta (foliage) Ln (foliage) = 2.4170 +2.040 * ln 
(DBA) *0.001 

Means et al. (1994) eq. 
104 

Ceanothus sanguineas Ln (BAT) = 2.950+2.878* ln (DBA) 
*0.001 

Means et al. (1994) eq. 
1066 

Ceanothus velutinus Ln (BAT) = 3.5247+2.2043* ln 
(DBA)*0.001 

Means et al. (1994) eq. 
296 

Ceanothus velutinus foliage Ln (BAT) =1.7820+1.6669* ln 
(DBA) *0.001 

Means et al. (1994) eq. 
741 

Holodiscus discolor Ln (BAT) =3.769+3.033* ln (DBA) Means et al. (1994) eq. 
767 

Rhododendron 
macrophyllum 

Ln (BAT) =3.2447+2.6527* ln 
(DBA) 

Means et al. (1994) eq. 
1098 

Salix scouleriana Ln (BAT) =3.4595+2.38913* ln 
(DBA) 

Means et al. (1994) eq. 
245 

Ribes sp. Ln (BAT) = 2.805+2.504* ln (DBA) 
*0.001 

Means et al. (1994) eq. 
1102 

Vaccinium parvifolium  Ln (BAT) =3.761+2.37498* ln 
(DBA) *0.001 

Means et al. (1994) eq. 
187 

Cornus nutallii LN(BAT)= -2.218+2.4133*ln 
(DBH) 

Chojnacky et al. (2014) 

Ceanothus sanguineas LN(BAT)= 2.950 + 
2.875*ln(dbh)*.001 

Means et al. (1994) eq 
1066 

Rosa spp LN(BAT)= 3.628+ 2.779 * ln 
(DBA)*.001 

Means et al. (1994) 

Prunus spp Ln (BAT)=3.399+2.920*ln(DBA) 
*0.001 

Means et al. (1994) Eq. 
776 

Organic horizon (duff) mass  y = 0.1119(duff depth)  + 0.0236 This study 
Standing dead trees (class 1) 
(fine braches present) 

(Total Live biomass – foliage 
biomass)*wood density CF  

This study and 
published equations 
above 



 
  

Standing dead trees (class 2) 
(Few live branches but 
mainstem not broken) 

(Total Live biomass – foliage + live 
branch biomass)*wood density CF 

This study and 
published equations 
above 

Standing dead trees (class 3) 
(Broken main stem only) 

Basal area * ht*wood density This study 

   
Douglas- fir (stem wood 
mass for snag calculation) 

ln(stem wood mass) = -3.0396 + 
2.5951 * ln(DBH) * dead wood CF 

Means et al. (1994) (eq 
4) 

W. hemlock  (stem wood 
mass for snag calculation) 
(w/ bark) 

ln(biomass ) = -2.681 + 2.447 * 
ln(DBH) 
 
 

Means et al. (1994) (eq 
173) 

   
Downed Wood  (large) ((π2* Cs* Σ d2)/8L)*sg Brown (1974) 
Downed wood fine (1,10, 
100-hr fractions  

((π2* N* Cs* dq)2/8*L))*sg Brown (1974) 
Parameterized for this 
study 

Live tree equations are written as: ln(biomass)= B0 + B1 ln(dbh).  Live tree equations can also be written as biomass = Exp(BO) X 
dbhB1 

 
 
  



 
  

 
Supplementary Table 2. Depth of organic horizons (cm) and mass (Mg. ha-1) of the Apple and Warner Creek Fires, Western Oregon, 2017.  

 

Site Depth (cm) SE Litter/Duff  mass (Mg/ha) SE  

Total Forest Floor 
Downed wood + 
Duff) 

Apple Fire   
High 5.0 2.1 59.7 28.5  235.6  

Moderate 4.1 1.8 48.0 23.4  192.9  
Low 2.8 1.4 31.0 17.3  93.4  

Plantation 4.7 1.8 55.2 23.6  143.4  
Salvage 3.6 2.1 42.0 26.5  91.9  

        
Shady Beach/Warner    

High 8.5 3.5 108.9 50.4  383.8  
Moderate 6.5 1.9 77.4 25.5  209.7  

Low 9.3 3.6 119.3 52.7  231.6  
Salvage 6.3 2.4 77.7 32.9  207.3  

Plantation 7.6 2.4 93.4 33.2  155.8  
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Chapter II.   Reburn intensity modified by fire severity and forest management in mesic 11 
mixed conifer forests  12 
 13 

 14 

Keywords 15 

Mixed severity fire regimes; Pseudotsuga menziesii; salvage logging; Tsuga heterophylla   16 

 17 

Introduction 18 

Mixed severity fire regimes are typified by a combination of infrequent stand-replacing 19 

high severity fires intermixed with more frequent low severity surface fires that consume 20 

primarily understory vegetation but leave tree canopies largely intact (Perry et al., 2011). Due to 21 

disturbance regimes that are variable in space and time, the mesic mixed conifer forests of the 22 

Pacific Northwest, USA are structurally diverse mosaics of successional stages (Meigs et al., 23 

2017; Tepley et al., 2013). The complex patchwork drives the high beta-diversity (Perry et al., 24 

2011) that is predicted by the intermediate disturbance hypothesis (Connell, 1978; Roxburgh et 25 

al., 2004). Forests with mixed-severity fire thus support biotic communities that require dense, 26 

closed canopies (Hessburg et al., 2016) such as the northern spotted owl (Strix occidentalis 27 

caurina) (Franklin et al., 2000; Sovern et al., 2019) and northern goshawk (Accipiter gentilis) 28 

(Blakey et al., 2020), as well as those that use open, recently burned areas such as Townsend’s 29 

solitaire and Dark-eyed junco (Fontaine et al., 2009; Saab and Powell, 2005).  30 

The evolutionary relationships between fire and forest-dependant species have been 31 

altered by fire suppression (North et al., 2004), forest management (Zald and Dunn, 2018), an 32 

increase in wildland-urban interface (WUI) (Haas et al., 2013), and climate change (Westerling et 33 

al., 2006). One of fire’s primary ecological roles is to periodically remove a portion of biomass 34 
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(i.e. fuel load), and when fire is eliminated from the system, fuel loads accumulate above their 35 

historical quantities. Higher fuel loads in many forested ecosystems increase the potential for 36 

large, high intensity fires (Parsons and DeBenedetti, 1979; Steel et al., 2015), contribute to ladder 37 

fuels that carry fire into the tree canopy (Kramer et al., 2016; Menning and Stephens, 2007), and 38 

result in more litter and duff accumulation (Parsons and DeBenedetti, 1979; Van Wagtendonk et al., 39 

1998) that sustains longer smouldering combustion during a fire event (Hille and Stephens, 2005). 40 

Silvicultural activities, in contrast, remove biomass from the forest, typically removing large live 41 

trees but retaining sub-canopy and understory vegetation (Kauffman et al., 2019) and removing 42 

large downed surface fuel (Peterson et al., 2015). The dramatic increase in WUI since the 1990’s 43 

has increased anthropogenic ignitions (Guglietta et al., 2011), increased fire risk (Radeloff et al., 44 

2018), and wildlife habitat fragmentation and loss (Bar-Massada et al., 2014, p.). Finally, as the 45 

climate continues to warm and dry across most fire-dependant forests, we can expect further 46 

destabilization of evolutionary relationships between biota and disturbance regimes (Abatzoglou 47 

and Williams, 2016; Halofsky et al., 2018; Stevens‐Rumann et al., 2018). 48 

The complex interplay between natural and anthropogenic disturbance and forest 49 

succession is evident in the mesic mixed conifer forests of the Western Cascades, Oregon, USA.  50 

These forests are dominated by Douglas Fir (Pseudotsuga menziesii) and Western Hemlock 51 

(Tsuga heterophylla) and range in elevation from 300 to 1050 m in elevation (Dyrness et al., 52 

1974). These forests develop in wet, mild, climates with a precipitation range of 1500 - 3000mm 53 

(Franklin and Dyrness, 1973). The majority of precipitation falls as rain in the fall, winter, and 54 

spring, with snow accumulating at higher elevations (Brown et al., 2013). A history of mixed 55 

severity fire in these forests has led to structural complexity in both live vegetation as well as in 56 
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snags and downed wood of various sizes and stages of decay (Dunn and Bailey, 2016; Kauffman et 57 

al., 2019; Tepley et al., 2013).  58 

Mesic mixed conifer forests are highly productive, with aboveground biomass that can 59 

exceed 1000 Mg ha-1, most as live and dead large trees (Kauffman et al., 2019).  In old-growth 60 

stands, patches or stands with low severity fire have much of the surface and ladder fuels 61 

consumed by fire, but most or all of the canopy remains intact, and with time since fire the 62 

understory fuels again accumulate. In areas that burn with high severity, fire kills most of the live 63 

trees, leaving behind snags and little surface fuel (Brown et al., 2013; Dunn and Bailey, 2016; Tepley 64 

et al., 2013). Stands where post-fire logging is done following high severity fire lack many of the 65 

large dead structural components (Hanson and Stuart, 2005; Monsanto and Agee, 2008). Stands that 66 

were in plantations prior to fire often have dense, even-aged canopies and are structurally more 67 

homogeneous and have less total biomass than naturally regenerating stands (Kauffman et al., 68 

2019). The differences in post-fire succession in fuel loads and fuel structure would likely lead to 69 

variable fire behavior should the area be exposed to another wildfire (Thompson and Spies, 2010).   70 

Models of expected fire behavior based on mathematical relationships between fuel 71 

loads, weather, and fire intensity can be used to predict the differences in fire behavior (Ager et 72 

al., 2011; Parsons et al., 2011).  The Fuels Characteristics Classification System (FCCS) 73 

software module (Prichard et al., 2013) is a non-spatial fire behavior prediction tool that uses 74 

fuels and environmental input variables, making it excellent for comparisons of different fire 75 

history, treatment, or management scenarios in comparable ecosystems (Ellsworth et al., 2020; 76 

Johnson et al., 2013; Reis et al., 2019; Xie et al., 2020). In this paper, we use FCCS to describe 77 

the differences in predicted metrics of reburn fire behavior (flame length [FL], rate of spread 78 

[ROS], and reaction intensity [RI] in old-growth, naturally regenerating plots that originally 79 
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burned 1) with high severity, 2) moderate severity, and 3) low severity, 4) plots that were in 80 

plantation before fire and replanted after fire, and 5) plots that burned with high severity in old 81 

growth forest, and were salvage logged and replanted post-fire. We hypothesized that that (i) 82 

prefire logging and replanting would in homogenous, even-aged stands, with continuous live 83 

fuels thus a greater potential for high intensity fire behavior; (ii) past fire severity would affect 84 

reburn fire behavior, with low severity fire reducing surface fuel loads and reburn severity, and 85 

high severity fire resulting in a loss of canopy and understory fuel accumulation, thus higher 86 

severity fire than low severity. We expected plots that burned with moderate severity in the 87 

initial fire to have reburn severity that was intermediate between high and low severity plots; (iii) 88 

because salvage logging decreases large downed wood in the decades following fire, we 89 

predicted decreased reaction intensity relative to high severity plots, but increased flame lengths 90 

and rate of spread due to replanting of dense young trees following logging.  91 

 92 

Methods 93 

Study Areas.  The data for this study was collected in two study areas containing three large 94 

fires on the west slopes of  the Cascade Mountains, Oregon, USA on the Willamette and 95 

Umpqua National Forests (Figure 1). The first study area is a complex of two fires that occurred 96 

in close proximity. The Warner Creek Fire burned 3,631 ha on 10-23 October, 1991, and the 97 

Shady Beach Fire burned 3,180 ha in 1988. Salvage logging was widespread within the 98 

perimeter of the Shady Beach Fire while no salvage occurred within the Warner Creek Fire. 99 

Hereafter, we refer to data from these fires collectively as the Warner Creek Fires. The second 100 

study area contained the Apple Fire, which burned 7,745 ha within the Umpqua National Forest 101 

from 16 August to 8 September 2002 in both plantation and natural forest stands. Post-fire 102 



 
  

management included areas of both natural regeneration and salvage logging. The two study 103 

areas represent the wetter (Warner Creek Fires) and drier (Apple Fire) conditions found within 104 

the T. heterophylla vegetation zone. Both fires burned in a mosaic, with patches of low severity 105 

surface fire with low canopy mortality (<20%), intermediate patches of moderate severity (20-106 

80% canopy mortality, and patches of high severity (>80% mortality), as well as unburned 107 

islands within the fire perimeter (Brown et al., 2013; Kauffman et al., 2019).   108 

 109 

Figure 1.  Study areas included the Warner Creek and Shady Beach fires (top right) and 110 
Apple fire (bottom left)  in mesic mixed conifer forests with mixed severity fire regimes of 111 
the Willamette and Umpqua National Forests, Oregon, USA. Burn severity within the fire 112 
perimeter is based on basal area mortality of tree canopy (modified from Kauffman et al 113 
2019).   114 
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 115 
 116 
Fuels Data.  At both the Warner Creek Fires and the Apple Fire, we sampled forest composition 117 

and total aboveground biomass (TAGB or fuel mass) in unlogged late successional forests that 118 

had burned under three fire severities based upon overstory mortality: (1) low severity sites 119 

where <25% of the overstory had been killed by fire; (2) moderate severity where 25-75% of the 120 

overstory had been killed by fire and (3) high severity sites where >75% of the overstory had 121 

been killed by fire. Prior to fire, all of the natural forest sites had no history of logging. We also 122 

sampled sites that were young plantations (clear-cut 11-34 years before the fire). Finally, we 123 

sampled sites that had been old growth forests at the time of fire but were harvested shortly 124 

following fire (salvage logged sites). At each of the 2 sites, we sampled 5 different stands of each 125 

of these fire/land use scenarios except for the Apple low severity and Apple salvage cover types 126 

where we only sampled 3 and 4 stands, respectively due to availability of representative areas. At 127 

the Warner Creek Fires, we sampled 6 high severity burned sites and 4 salvage-logged sites. 128 

Detailed sampling methods for in situ fuels can be found in Kauffman et al 2019.   129 

Fire Behavior Modeling.  To quantify the impact that fire severity (high, moderate, and low) 130 

and pre- (plantation) and post-fire (salvage) forest management alternatives have on reburn 131 

potential, we parameterized the fire behavior modeling system Fuel Characteristic Classification 132 

System (FCCS) model in the Fuel and Fire Tool (FFT) using in situ biomass data collected on all 133 

plots. FCCS predicts surface fire behavior using site-specific biomass data and localized 134 

environmental scenarios (i.e  moisture content through the typical fire season for a region).  135 

For each plot, fuelbeds were initialized from standard models, with FB_0008 (old growth 136 

western hemlock-Douglas-fir forest) chosen for all plots that were old growth dominated prior to 137 

fire (low, moderate, and high severity and salvage plots) and FB_0009 (which assumes a clearcut 138 



 
  

and replant 40-60 years prior) was used to initialize fuels from plantation plots. Fuel inputs were 139 

then modified to represent the mean fuel biomass quantified in situ across subplots within each 140 

site/management combination. Inputs that were not collected in the field, including, height to live 141 

crown, relative cover of individual species, snag height, ladder fuel min and max height, and 142 

herbaceous fuel loads were from standard fire behavior fuel models. All models used the mean 143 

slope of all the stands (45%), so that treatment effects on fuel-related fire behavior would not be 144 

confounded by slope effects. Environmental scenarios were chosen to span the range of fuel 145 

moisture and weather conditions expected throughout the fire season, as fuels move from fully 146 

green with high fuel moisture content early in the season to cured with low fuel moisture late in 147 

the season (fully green scenario; D2L4 scenario in FFT), through partially curing stages (1/3 148 

cured and 2/3 cured scenarios; D2L3 and D2L2, respectively), to late in the summer, when 149 

biomass is completely dry and risk of high intensity fire is greatest (fully cured scenario; D2L1).  150 

Independent model runs were done for each treatment plot at each environmental scenario.  151 

Model outputs chosen to characterize potential behavior included rate of spread (ROS; m min -1), 152 

flame length (FL; m), and reaction intensity (RI; the rate of heat released per unit area of the 153 

flaming front; kW m-2 min-1) (Byram, 1959; Keeley, 2009). 154 

Analysis. Linear mixed models were used to test for differences in the rate of spread, flame 155 

length, and reaction intensity (response variables) as a function of environmental scenario (i.e. 156 

fuel moisture conditions), treatment, and their interaction at each fire (Apple or Warner). An 157 

additional analysis of variance models were used to determine differences in fire behavior 158 

response variables between treatment groups at the fully cured (lowest fuel moisture) scenario. 159 

Significant differences among treatment groups were determined using Tukey-Kramer honestly 160 
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significant difference (HSD) post hoc analysis. All analyses were performed with IBM SPSS 24 161 

(IBM Corp, 2016).  162 

 163 

Results 164 

Fuel loads. There were large differences in the total aboveground biomass (TAGB) of the two 165 

fire sites due both to time since fire (15 compared to 29 years) but also due to the soil and 166 

climatic differences (Figures 1 and 2), with higher fuel loads at Warner Creek plots compared to 167 

the Apple Fire plots. Fuel loads are briefly summarized here to aid in fire behavior 168 

interpretations, but detailed information on fuel component results can be found in Kauffman et 169 

al 2019. At the Apple Fire, total fuel loads averaged 566 Mg ha-1, with no differences due to fire 170 

severity. Low and moderate severity plots had the largest portion of the fuel as live large trees, 171 

and high severity plots had a large amount of standing and downed large wood. Salvage logged 172 

and plantation plots had less than half of the total fuels in naturally managed stands, averaging 173 

245 Mg ha-1, with large dead trees making up the largest fuel component (Figure 2; Kauffman et 174 

al 2019).   175 

 Warner Creek fires had similar responses to fire severity and forest management, with 176 

naturally regenerating stands averaging 862 Mg ha-1, and plantation and salvage logged plots 177 

averaging 422 Mg ha-1. Low severity plots were dominated by live large trees. Fuels in high 178 

severity plots were mostly dead, large standing and downed logs, and moderate severity plots 179 

had intermediate live and dead tree fuels. The largest fuel component in salvage logged and 180 

plantation plots was large, live trees, and next largest component was the duff layer (ground 181 

fuel).  182 
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 183 

Figure 2.  Summary of fuel loads in 15 year old Apple fire and 29 year old Warner fires in 184 
mesic mixed conifer forests with mixed severity fire regimes of the Willamette and Umpqua 185 
National Forests, Oregon, USA 186 
 187 

Fire behavior. Treatment differences in fuel loads and fuel structure led to differences in 188 

potential reburn behavior. 15 years following the Apple Fire, ROS of a modeled reburn was 189 

significantly lower in low severity plots than any other treatment, averaging 5.4 m min-1 under 190 

fully green fuel conditions and 7.6 m min-1 when fully cured (Figures 3 and 4). High and 191 

moderate severity plots’ reburn ROS were significantly higher than low severity, averaging 10.4 192 

m min-1 when fully green and 15.7 m min-1 when fully cured (p < 0.01).  Salvage logged plots 193 

were similar to moderate and high severity ROS, at 11.5 m min-1 when fully green and 18.6 m 194 

min-1 when fully cured. 195 



 
  

Flame lengths at the Apple Fire similarly increased with increased curing, and varied by 196 

treatment. Low severity plots had lower reburn modeled flame lengths (1.5-1.8 m) than any other 197 

treatment (Figures 3 and 4) due to retained tree canopies and reduced surface fuel loads.  High 198 

severity plots had the highest modeled reburn flame lengths (2.3-2.9 m). Moderate severity, 199 

plantation, and salvage logged plots had intermediate flame lengths (1.5-2.8 m). 200 

Reaction intensity of a modeled reburn 15 years after fire was far higher in plantation 201 

plots (503 kW m-2 min-1 when fully green to 704 kW m-2 min-1 when fully cured) than any other 202 

treatment. Low severity burn and salvage logged plots had lowest reaction intensities, ranging 203 

from 294 kW m-2 min-1 when fully green to 392 kW m-2 min-1 when fully cured. High and 204 

moderate severity burns had intermediate reaction intensities during a modeled reburn, from 397 205 

kW m-2 min-1 when green to 468 kW m-2 min-1 when fully cured.  206 

 207 



 
  

 208 

Figure 3.  Rate of modeled fire spread (m min-1), flame length (m), and reaction intensity 209 
(kW m-2 min-1) of a reburn 15 years after wildfire in high severity, moderate severity, low 210 
severity, plantation, and salvage logged plots across four curing scenarios (fully green, ⅓ 211 
cured, ⅔ cured, and fully cured) at the Apple Fires on the Umpqua National Forest, OR, 212 
USA.  213 



 
  

 214 

Figure 4.  Rate of modeled fire spread (m min-1), flame length (m), and reaction intensity 215 
(kW m-2 min-1) of a reburn 15 years after wildfire in high severity, moderate severity, low 216 
severity, plantation, and salvage logged plots in a fully cured moisture scenario at the 217 
Apple Fires on the Umpqua National Forest, OR, USA. Lines within boxes represent 218 
treatment means; error bars represent one standard error; different letters represent 219 
significant differences among treatments. Flame lengths less than 1.2 m (4 ft; dashed line) 220 
are typically fought with hand lines. Flame lengths between 1.2-2.4 m (4-8 ft) require heavy 221 
equipment, such as bulldozers, fire retardant, and helicopter drops. Flame lengths above 222 
2.4 m (8 ft; solid line) are indicative of crowning, spotting, and running fires that are 223 
difficult for suppression resources to safely control.  224 
 225 



 
  

Warner Fires at 29 years following fire had similar patterns of potential reburn fire 226 

behavior to the Apple Fire.  Rates of spread in plots that had previously burned with high 227 

severity, were double that of any other plot types, ranging from an average of 10.8 m min-1 when 228 

fully green to 16.8 m min-1 when fully cured (Figures 5 and 6).  There were no significant 229 

differences in reburn rate of spread between low severity, moderate severity, plantation, and 230 

salvage logged plots, which collectively ranged from 5.1 to 8.5 m min-1 when fully green and 231 

fully cured, respectively. 232 

Flame lengths for modeled reburns at Warner Fires were also highest in high severity 233 

plots. When fuels were green, flame lengths of 2.2 m were predicted, and they increased to 2.7 m 234 

when cured (Figures 5 and 6).  Moderate severity, low severity, and salvage logged plots had 235 

significantly lower flame lengths, ranging from 1.3 m when fully green to 1.6 m when cured.  236 

Plantation plots had intermediate flame lengths, at 1.7 m when green and 2.3 when fully cured. 237 

Similar to the pattern at the Apple Fire, reaction intensity in plantations at Warner fires was 238 

about 45% higher than the reaction intensity predicted for any other fire severity or management 239 

treatment plot (Figures 5 and 6), with no other differences between treatments..  240 

 241 



 
  

 242 
Figure 5.  Rate of modeled fire spread (m min-1), flame length (m), and reaction intensity 243 
(kW m-2 min-1) of a reburn 29 years after wildfire in high severity, moderate severity, low 244 
severity, plantation, and salvage logged plots across four curing scenarios (fully green, ⅓ 245 
cured, ⅔ cured, and fully cured) at the Warner Fires near Oakridge, OR, USA.  246 



 
  

 247 

Figure 6.  Rate of modeled fire spread (m min-1), flame length (m), and reaction intensity 248 
(kW m-2 min-1) of a reburn 29 years after wildfire in high severity, moderate severity, low 249 
severity, plantation, and salvage logged plots in a fully cured moisture scenario at the 250 
Warner Fires near Oakridge, OR, USA. Lines within boxes represent treatment means; 251 
error bars represent one standard error; different letters represent significant differences 252 
among treatments. Flame lengths less than 1.2 m (4 ft; dashed line) are typically fought 253 
with hand lines. Flame lengths between 1.2-2.4 m (4-8 ft) require heavy equipment, such as 254 
bulldozers, fire retardant, and helicopter drops. Flame lengths above 2.4 m (8 ft; solid line) 255 
are indicative of crowning, spotting, and running fires that are difficult for suppression 256 
resources to safely control.  257 
Discussion 258 



 
  

Low severity fire modified reburn behavior enough that it had consistent implications for 259 

suppression response. Fires generating flame lengths of less than 1.2 m can be approached safely 260 

from the fire front using hand crews, fire trucks, and hose lays, and a hand line cleared of all 261 

burnable surface material is expected to contain the fire spread (Andrews et al., 2011). When 262 

flame lengths reach 1.2-2.4 m, the fire intensity becomes too great to be fought safely from the 263 

flaming front, and air support (i.e. water drops using helicopters, retardant drops using fixed-264 

wing airplanes) and heavy equipment (i.e bulldozers) are needed to contain the fire front 265 

(Andrews and Rothermel 1982, Brown 1982). Fires with flame lengths over 2.4 m generate high 266 

intensities, which are difficult to control and generally require indirect suppression tactics, such 267 

as backburning, air support, and building firelines well ahead of the flaming front (Brown 1982, 268 

National Wildfire Coordinating Group 2014). While all treatments had at least some plots that 269 

were above the 1.2 m threshold for direct attack, the low severity fire plots consistently 270 

generated reburn flame lengths below 2.4 m (Figures 4 and 6), indicating the potential for 271 

suppression using a combination of hand crews and mechanized support. In contrast, moderate 272 

and high severity plots as well as plantation and salvage logged plots all had plots in which 273 

indirect suppression would be the only option, increasing resources needed, total fire size, and 274 

suppression costs.   275 
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Appendix A: Contact Information for Key Project Personnel  421 

J Boone Kauffman 422 

Dpeartment of Fisheries and Wildlife 423 

Oregon State University 424 

Corvallis Oregon 97331 425 

Boone.Kauffman@oregonstate.edu 426 

541 – 737-5501 427 
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Lisa M. Ellsworth 429 

Oregon State University 430 

Corvallis Oregon 97331 431 

Lisa. Ellsworth@oregonstate.edu 432 

541 – 737-5501 433 
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David Bell 435 

USDA Forest Service 436 

Pacific Northwest Research Station 437 

Corvallis, OR 97331 438 

David.Bell@oregonstate.edu 439 
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Jane Kertis 441 

USDA Forest Service 442 

Siuslaw National Forest 443 

Corvallis OR 97331 444 

 445 

Steve Aker 446 

mailto:Boone.Kauffman@oregonstate.edu
mailto:Ellsworth@oregonstate.edu


 
  

USDA Forest Service 447 

Mt Hood National Forest 448 

Sandy Oregon 449 

stevenaacker@fs.fed.us 450 
 451 
  452 

mailto:stevenaacker@fs.fed.us


 
  

Appendix B. List of Completed/Planned Scientific/Technical Publications/Science Delivery 453 

Products 454 

PRESENTATIONS AND PUBLICATIONS 455 

JOURNAL ARTICLES 456 

 457 

Kauffman JB, Ellsworth LM, Acker, SA, Bell DM, Kertis J. 2019. Forest structure and biomass 458 
reflects the variable effects of fire and land use 15 and 29 years following fire in the 459 
western Cascades, Oregon. Forest Ecology and Management 460 
https://doi.org/10.1016/j.foreco.2019.117570. 461 

 462 
LM Ellsworth, JB Kauffman, C Dunn, D Bell, J Kertis, SA Acker. Reburn intensity modified by 463 

fire severity and forest management in mesic mixed conifer forests. In prep for Forest 464 
Ecology and Management 465 

INVITED PRESENTATIONS 466 

Ellsworth, LM. 2018. Post-fire recovery and resilience. Organization of Fish and Wildlife 467 
Managers Conference. Banquet speaker. Hood River, OR 468 

Ellsworth, LM. 2018. After the fire: Recovery and resilience. The Native Plant Society. 469 
McMinnville, OR 470 

Ellsworth, LM. 2018. After the fire: Death and rebirth in western forests. Eagle Creek Public 471 
Meetings.  Corbett, OR 472 

Ellsworth, LM. 2018. Talking fire with empathy. Invited panelist.  Public Interest 473 
Environmental Law Conference. Eugene, OR 474 

Ellsworth, LM. 2018. Fuel conditions in unburned, burned, and salvaged forests of Oregon’s 475 
western Cascades. Forest Health in Oregon: State of the State. Corvallis, OR 476 

Ellsworth, LM. 2017. After the fire: Death and rebirth in western forests. Eagle Creek Public 477 
Meetings.  Troutdale, OR 478 

Kauffman JB 2018.  Forest structure and fuel loads 29 years following fire at the Warner Creek 479 
Fire, Oregon:  Influences of land use and fire severity.  USFS workshop, Oakridge Or  480 

Webinars 481 

https://doi.org/10.1016/j.foreco.2019.117570


 
  

Ellsworth, LM. 2018. Communicating fire science to fire-impacted communities. COMPASS 482 
science communication stakeholder panel.   483 

  484 

Conference Presentations 485 

Ellsworth, LM, JB Kauffman, J Kertis, S Acker, and D Bell. 2019. Fire severity and forest 486 
management alters reburn potential in mesic mixed conifer forests. Association for Fire 487 
Ecology 8th International Fire Ecology and Management Congress. Tucson, AZ 488 

  489 

Field Tours 490 

USFS: Fire in Mixed Conifer Forests field tour  July 2018– Oakridge, OR 491 

  492 

MEDIA WORK AND PRESS COVERAGE 493 

Elemental – Full feature film for 2020 release. National Geographic and Balance Media 494 

  495 

Living with Wildfire: Travel Oregon 496 

https://www.youtube.com/watch?v=6BEBPtz8o-0 497 

  498 

AAA Via Magazine: “Rediscovering Columbia River Gorge After Eagle Creek Fire” 499 

https://calstate.aaa.com/via/places-visit/columbia-river-gorge-after-eagle-creek-fire 500 

  501 

The Oregonian: Eagle Creek Fire Anniversary 502 

https://www.oregonlive.com/expo/news/erry-2018/09/7dd264ccc16223/eagle-creek-fire-503 
anniversary-g.html 504 

  505 

Eagle Creek Fire Documentary 506 

https://www.youtube.com/watch?v=6BEBPtz8o-0
https://calstate.aaa.com/via/places-visit/columbia-river-gorge-after-eagle-creek-fire
https://www.oregonlive.com/expo/news/erry-2018/09/7dd264ccc16223/eagle-creek-fire-anniversary-g.html
https://www.oregonlive.com/expo/news/erry-2018/09/7dd264ccc16223/eagle-creek-fire-anniversary-g.html


 
  

https://www.youtube.com/watch?v=Fg_fBGBH7fY#action=share 507 

  508 

After the Smoke Clears Video 509 

https://www.youtube.com/watch?v=1sUFcYe4nqI 510 

 511 

 512 

  513 

https://www.youtube.com/watch?v=Fg_fBGBH7fY#action=share
https://www.youtube.com/watch?v=1sUFcYe4nqI


 
  

Appendix C.  Data Management 514 

  515 
Field Data 516 
Data collected in the field includes determination of fuel mass, fuel/vegetation structure, and plant 517 
species composition and abundance. This fuels data set is comprised of ground fuels (duff), surface fuels 518 
(downed wood, litter, grasses, forbs, shrubs), and aerial fuels (live and dead trees). All fuels data will be 519 
reported in Mg/ha (which can easily be converted to tons/ac). Vegetation data includes species 520 
composition based upon cover (%), basal area (m2/ha), and density of vegetation (no./ha).  521 
 522 
Shrub fuels were be collected in belt transects and determined via allometric equations specific to the 523 
shrub species. Surface and ground fuels will be collected in microplots, oven dried and weighed to 524 
determine mass. Species composition and abundance will be based upon species cover and frequency 525 
collected in nested plots at each sampled site. Data are stored in Excel workbooks. 526 
 527 
Fire Modelling Data 528 
Inputs fuel model data and output fire behavior data from fire behavior modeling is stored in 529 
spreadsheets for stand-level analyses 530 
 531 
Geospatial Data 532 
Geodatabases and shapefiles are currently stored on cloud-based servers and on hard drives at Oregon 533 
State University.  534 
 535 
Data Repository 536 
All data types will be placed in long-term storage at the JFSP-recommended repository (Forest Service 537 
Research Data Archive http://www.fs.usda.gov/rds/archive). We will also provide the Forest Service 538 
(both the PNW Res. Sta. and the National Forests) with copies of all data sets at the conclusion of the 539 
study. 540 
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