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Interacting disturbances have increasingly come to shape 
stand structure and fuel characteristics in seasonally dry 
western forests. Between 2012 and 2016, concurrent 

multi-year drought and outbreaks of western pine beetle, fir 
engraver beetle, and pinyon ips resulted in the mortality of 
an estimated 147 million trees across California’s forests, with 
central and southern California being most impacted. Peak 
tree mortality occurred between 2015 and 2016, leading 
researchers to investigate changes in stand structure, fuel 
loading, and fire behavior in the four following years (2015-
2019). Data collection occurred in forested plot networks 
in the Los Padres (LPF) and Sierra National Forests (SNF). 
Southern plots (all on the LPF) were pinyon pine and 
canyon live oak-dominated, while northern plots (SNF) 
were mixed-conifer, including ponderosa, lodgepole, and 
sugar pine, incense cedar, black oak, and white and red fir at 
higher elevation sites. Both forest types have experienced 
densification as a result of fire suppression over the past two 
centuries, leading to standing fuel continuity that, when 
combined with heavy, dry surface fuel loads and appropriate 
weather conditions, could produce severe fire behavior.

Measurements included physical site characteristics, tree 
size (diameter at breast height or root collar), tree status 
(live or dead), beetle attack status, and mortality agent 
(determined through insect-specific galleries). Canopy and 
standing fuels were quantified by recording percent needle 
retention, crown height , crown ratio , and snag code . Fine 
surface and coarse woody fuels were also assessed at eight 
points in each plot by measuring litter and duff depths and log diameters. Model  outputs for stand metrics, fuel 
characteristics, and fire behavior were calculated for time steps of 2012, 2016, and 2019. These metrics included 
surface fuel loads , canopy fuel characteristics , CO2 emissions from flaming and smoldering combustion, and crown 
fire hazard, which was described by Torching  and Crowning  Indices. Higher values for both of these indices indicate 
more extreme wind conditions needed for torching or crowning to occur, and therefore lower crown fire hazard 
under moderate weather conditions.Prior to the period of 2012-2016, tree mortality was concentrated in smaller size 
classes of overstory trees. After 2016, drought and beetle-driven mortality shifted overall patterns of mortality to 
be distributed more evenly across size classes and concentrated in pine species. While stand composition changed 
minimally in the Los Padres National Forest, the more species-rich mixed conifer stands of the Sierra National Forest 
displayed large reductions in ponderosa (>90% mortality) and sugar pine and higher rates of regeneration for 
shade-tolerant cedar and fir species. By 2019, incense cedar, white fir, and red fir accounted for 59%, 55%, and 50% 
of regeneration, respectively, with ponderosa pine decreasing from 43% in 2016 to 25% in 2019. 

MANAGEMENT IMPLICATIONS

•	 Shortly following widespread drought and 
insect-driven tree mortality, canopy fuel 
loads are high due to dry needle retention, 
enhancing crown fire hazard. Within 5 years 
following peak mortality, needle and snag 
fall shift fuel loads to litter and coarse woody 
debris, enhancing the relative risk of surface 
fire. 

•	 According to models based on field data from 
the Los Padres and Sierra National Forests, 
once drought-driven tree mortality reaches 
c. 60% in a stand, the accumulation of coarse 
woody debris accelerates surface fuel loading. 
In stands that meet this mortality threshold, 
swift action should be taken to reduce surface 
fuels and moderate severe fire risk. 

•	 Forest management actions (thinning, 
mastication, prescribed burns, etc.) may 
have increased effectiveness in targeting 
different fuel types and fire behavior risks if 
they are timed relative to changes in stand 
structure and fuel characteristics following 
disturbances. 
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assessment of potential fire behavior and effective 
fuel management practices that target time-sensitive, 
specific risks. 

There were also substantial changes in surface fuel 
loads within the first four years following peak tree 
mortality, with the largest change in surface fuels due 
to an increase in coarse woody debris (2656% ± 1723 
for LP, 2830% ± 1828 for SNF) as a result of beetle kill. 
Changes in coarse woody debris appeared to be driven 
by the degree of drought-related mortality, with fuel 
loading increasing more steeply at a threshold of 
around 60% overstory tree mortality (Fig. 1). Modeled 
crowning and torching indices suggested that these 
hazards were high immediately after large-scale tree 
mortality episodes, as dry, highly flammable needles 
were retained in the canopy. However, these hazards 
reduced over time as trees dropped dead needles and 
snags fell. Across the forests, nearly complete needle 
fall (>95%) and some snag fall (up to 40%) occurred 
within the first four years after peak mortality, with red 
fir in the Sierra National Forest being slowest for both 
metrics. As snag fall transferred canopy fuels to 1000-
hr surface fuels, the potential for smoldering relative to 
flaming combustion increased along with emissions, 
suggesting negative implications for air quality in 
regions of the wildland-urban interface adjacent to 
high mortality stands. 

The timescale of canopy and surface fuel change 
following disturbance has implications for risk 
assessment and suppression in the event of a severe 
wildfire. For example, the increased likelihood of crown 
fire immediately after drought and beetle outbreaks 
requires larger firefighter safety zones and may call for 
decreased escape times. Additionally, crown fires can 
enhance the likelihood of spotting, which can quicken 
the rate of fire spread and require shifting containment 
tactics. As interacting disturbances and severe fire 
weather are likely to increase in frequency with 
climate change, it is imperative that managers track 
the timeline over which changes in fuel characteristics 
occur. Proactive monitoring will allow better 
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Fig. 1 Change in 1000-h fuel loads from 2016 to 
2019 by overstory (≥ 12.7 cm DBH) tree mortality (%) 
associated with the California drought and bark 
beetle outbreaks. Modeled relationships based on 
best-fit GLM model (lines) shows how site affects 
1000 h fuel change. Shading corresponds to 95% 
confidence intervals. Sites are located on the Los 
Padres and Sierra National Forests (NF)
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