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Effects of fuel treatments on California mixed-conifer forests 
by Eric M. Winford, Jens T. Stevens and Hugh D. Safford

Land managers implement forest fuel reduction treatments, including prescribed fire, 
mastication, and hand- and mechanical thinning, to modify wildfire behavior. Fuel 
treatments decrease tree density, increase mean canopy base height and remove sur-
face fuels, and have been shown to reduce fire severity in yellow pine and mixed-conifer 
forests, even under relatively severe weather conditions. However, less is known about 
the impacts of fuel treatments on other facets of forest ecology. Synthesizing evidence 
from the scientific literature regarding their effects on forest structure, carbon, vegeta-
tion, soils, wildlife and forest pests, we found a developing consensus that fuel treat-
ments, particularly those that include a prescribed fire component, may have neutral to 
positive effects on a number of ecological processes in frequent-fire coniferous forests 
and may increase forest resilience to future disturbance and stress.

Forest fuel treatments modify for-
est structure and composition to 
affect fire behavior and reduce fire 

severity in the event of fire. Properly 
implemented, they can also improve for-
est habitat for species of plants and ani-
mals, and restore ecological processes and 

services (e.g., hydrologic function, soil 
nutrient cycling, subcanopy light avail-
ability, biodiversity, aesthetics) (McIver 
et al. 2012). Various fuel treatments have 
been developed, including prescribed 
fire, mechanical thinning, hand-thinning, 
mastication and combinations of these 
(Evans et al. 2011; Stephens et al. 2012). 

Yellow pine and mixed-conifer 
(YPMC) forests cover millions of hect-
ares of California forestland (Safford 
and Stevens, in press). These forests 

experience wet winters and dry summers 
and are generally composed of a variable 
mix of pine species (Pinus ponderosa, P. 
jeffreyi, P. lambertiana), white fir (Abies con-
color), various oak species (Quercus spp.) 
and incense cedar (Calocedrus decurrens) 
(Barbour et al. 1993; Barbour et al. 2007). 
While there was substantial local varia-
tion, before Euro-American settlement in 
California this type of vegetation gener-
ally supported short fire return intervals 
(10 to 20 years), with a summer-fall fire 
season and fires dominated by low- and 
moderate-severity effects (Safford and 
Stevens, in press; Van de Water and 
Safford 2011; Van Wagtendonk and Fites-
Kaufman 2006).

Until the early 20th century, those 
frequent low- to moderate-intensity fires 
with smaller patches of high-severity ef-
fects reduced the quantity and continu-
ity of fuels in YPMC forests and created 
a complex patchwork of mixed-age tree 
clumps and gaps (Agee and Skinner 2005; 
North et al. 2009). Since then, however, 
fire exclusion practices, logging of large 
trees and livestock grazing have allowed 
fuel and young trees to accumulate in 
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A prescribed burn moves slowly through a forest 
in Sequoia National Park in June 2015. The burn is 
intended to help restore the area to more natural 
conditions by promoting sustainable tree growth and 
habitat for plants and animals while reducing tree 
density and ladder fuels.
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some stands for a century or more, lead-
ing to high loads of spatially continuous 
fuels (Barbour et al. 1993; Stephens and 
Ruth 2005) and increased risk of tree 
mortality from moisture stress and tree 
pests (Fettig et al. 2007; van Mantgem and 
Stephenson 2007). Increasing fuel loads, 
higher summer temperatures, prolonged 
late summer droughts and decreasing 
fuel moistures are combining to create cir-
cumstances in which wildfires that escape 
containment in YPMC forests can burn 
at much higher severity over larger areas 
in extreme weather conditions than was 
common under the presettlement fire re-
gime (Mallek et al. 2013; Miller et al. 2009; 
Miller and Safford 2012; Steel et al. 2015). 

In YPMC forests, fuel treatments have 
proven effective at reducing fire severity 
and tree mortality, restoring forest struc-
ture and protecting human infrastructure 
and lives across the western United States 
(Martinson and Omi 2013; Safford et al. 
2009; Safford et al. 2012). They also hold 
promise as sources of forest biomass, 
which can be used to produce a variety 
of timber and nontimber forest products 
as well as energy through biomass burn-
ing (Evans and Finkral 2009). As a result, 
there is interest in greatly expanding the 
pace and scale of fuel treatments (North 
et al. 2012), making it important that both 
managers and the public understand the 
effects that fuel treatments have on for-
est ecology. Our goal was to synthesize 
current scientific literature on forest fuel 
treatments and their ecological effects in 
YPMC forests in the Sierra Nevada and 
southern Cascades and similar locations 
in the western United States. 

Fuel treatments, forest structure

The primary objectives for fuel treat-
ments are to create conditions in the 
forest in which fire can be more easily 
controlled, and where fire can occur 
without devastating ecological or socio-
economic consequences (Reinhardt et al. 
2008). Forest fuel treatments target surface 
fuel (dead and down woody biomass, 
and dead and live shrubs and herbaceous 
material), which provides fuel for surface 
fires; ladder fuels (lower branches and 

smaller trees), which allow a fire to move 
vertically into the canopy and contrib-
ute to torching; and canopy continuity 
(tree spacing), which creates conditions 
for active crown fire (Agee and Skinner 
2005). Fuel treatments primarily remove 
dead fuels, shrubs and mostly small- and 

medium-sized live trees, although some 
larger trees may also be removed. This 
can be accomplished in a variety of ways 
(see Agee and Skinner 2005, Evans et al. 
2011 and Schwilk et al. 2009 for over-
views), but there are four major categories 
of treatment, which may be employed 
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These 2011 photographs illustrate the effect of 
a fuels treatment implemented prior to the 2008 

American River Complex fire in Placer County. 
Nearly all the trees in the treated stand, bottom, 

survived the fire, while many trees in the denser, 
untreated stand, top, did not.
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singly or in combination: (1) prescribed 
fire, (2) mastication, (3) hand-thinning and 
(4) mechanical thinning (table 1).

Prescribed fire is usually implemented 
when the purpose of a fuel treatment is to 
restore stand structure, reduce surface fu-
els, and/or reintroduce fire for ecological 
benefits. At low to moderate fire intensi-
ties, which are common objectives of pre-
scribed fires, surface fuels are consumed 
and understory trees may be killed. While 
prescribed fire can be implemented as a 
stand-alone treatment, it is often carried 
out as part of a treatment package, where 
some other method — such as mastica-
tion, hand-thinning or mechanical thin-
ning — is used to first remove larger trees 
and woody debris (Agee and Skinner 
2005; Schwilk et al. 2009; Stephens et al. 
2012). Mastication is carried out by a ma-
chine that shreds woody materials on the 
surface, reducing the height and vertical 
continuity of fuels but leaving the masti-
cated material on-site as a compact layer 
of surface fuel. Hand-thinning involves a 
crew cutting small-diameter trees (typi-
cally up to 20 to 25 centimeters diameter 
at breast height, DBH) and larger surface 
fuels. Hand thinning reduces the verti-
cal continuity of fuels and increases the 
spacing between residual trees, often by 
leaving larger, more fire-resilient tree 
species. Fuel is subsequently piled or scat-
tered for additional treatment with fire or 
mastication. Mechanical thinning, which 
can involve a number of different types 
of wheeled or tracked vehicles, generally 
removes small- and medium-diameter 
(usually shade-tolerant) trees (e.g., white 
fir, incense cedar) while retaining larger-
diameter trees (often fire-resilient pines). 

Fuel treatments that generate addi-
tional surface fuel as a result of treatment 
activities can greatly increase future 
wildfire severity if these additional fuels 
are not safely moved off-site or burned 
using prescribed fire (Safford et al. 2009). 
The most effective treatments at reducing 
future wildfire severity depend upon the 
starting stand conditions. In some cases, 
prescribed fire alone can achieve the fuel 
reduction objective but in other situations, 
such as when pre-treatment fuels are 
higher, may require mechanical and/or 

TABLE 1. Treatment types and impacts on forest structure

Prescribed fire Mastication Hand-thinning
Mechanical 
thinning

Surface fuels Reduction Increase Variable Increase

Ladder fuels Reduction Reduction Reduction Reduction

Canopy continuity Slight reduction or 
no change

Slight reduction or 
no change

Reduction Reduction

A mixed-conifer stand in the El Dorado 
National Forest before, top, and after, bottom, a 
mechanized fuels treatment. D
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hand-thinning followed by prescribed fire 
or pile burning to dispose of surface fuel 
generated by the first treatment (Safford 
et al. 2012; Schwilk et al. 2009; Stephens et 
al. 2012).

Effects on vegetation

Fuel treatment effects on live forest 
vegetation can be distinguished as direct 
effects on target vegetation (trees and 
woody shrubs), indirect effects on non-
target vegetation, or indirect effects on 
vegetation by affecting subsequent wild-
fire severity. Most studies of treatment 
effects on vegetation compare differences 
between treatment regimes, and/or the 
effects of a specific regime versus vegeta-
tion in an untreated forest.

Direct effects. The primary direct effect 
of fuel treatments on target vegetation is 
a decrease in live tree basal area and den-
sity (Collins et al. 2007; Stevens et al. 2014; 
van Mantgem et al. 2011). During thin-
ning operations, fire-intolerant species 
(e.g., fir) are often targeted and the com-
position of residual surviving trees can be 
shifted toward fire-tolerant species, like 
pines (Chiono et al. 2012); however, pre-
scribed fire on its own does not necessar-
ily shift tree species composition, because 
it rarely kills the large trees which con-
tribute most of the seeds (van Mantgem 
et al. 2011). Abundance of tree seedlings 
generally decreases in the years immedi-
ately following treatments (Schwilk et al. 
2009; Stevens et al. 2014) but recovers over 
time (Chiono et al. 2012). 

Fuel treatments may also target shrubs 
for removal, but shrub responses to fuel 
treatments are complex. There is evidence 
that mechanical thinning, prescribed fire, 
or a combination of the two can reduce 
shrub cover (Collins et al. 2007; Wayman 
and North 2007) or have no effect (Chiono 
et al. 2012; Collins et al. 2007; Stevens et 
al. 2014) over a span of 1 to 5 years post-
treatment. Shrubs may respond positively 
to treatments over longer time periods by 
resprouting and regenerating from seed 
(Kane et al. 2010; Stevens et al. 2014), par-
ticularly when prescribed fire is used, as 
fire scarifies the seeds of many common 
montane chaparral species (Stephens et 
al. 2012). One way to reduce shrub recruit-
ment is to repeatedly burn the site at time 
intervals short enough to exhaust the en-
ergy reserves of resprouting shrubs and 
to inhibit recovery of the shrub seedbank 
(Busse et al. 2009). 

Indirect effects. The most commonly 
studied responses of nontarget vegetation 
to fuel treatments are herbaceous produc-
tivity and understory species diversity. 
Herbaceous productivity (generally mea-
sured by plant cover) often shows little 
or no response to fuel treatments in the 
Sierra Nevada and southern Cascades, 
over either the short term (1 to 2 years, 
Collins et al. 2007) or long term (2 to 15 
years, Busse et al. 2009). However, at a na-
tional level, treatments often do increase 
herbaceous productivity (Stephens et al. 
2012), suggesting that at more mesic sites, 
where the understory vegetation is less 
limited by moisture stress, treatments 
may stimulate increased plant cover and 
richness (Stevens et al. 2015). Mastication 
alone does not necessarily reduce under-
story species cover or richness, but when 
masticated material is tilled into the soil 
or, especially, prescribe-burned, there can 
be significant increases in bare ground 
and reductions in litter, which lead to 
much higher understory cover (with a 
major component of fire-scarified shrubs) 
and diversity (Kane et al. 2010). 

Responses of native plant diversity 
to treatments appear to depend on the 
treatment regime and time since treat-
ment. Collins et al. (2007) found a slight 
decrease in native diversity following me-
chanical thinning, but no change follow-
ing prescribed fire only, during the first 2 
years post-treatment. Studies measuring 
native plant diversity from 2 to 20 years 
following treatments involving the use of 
prescribed fire generally show a moder-
ate to strong increase in diversity relative 
to controls (Kane et al. 2010; Stevens et al. 
2015; Wayman and North 2007; Webster 
and Halpern 2010).

 In YPMC forests, non-native species 
richness and cover tend to increase fol-
lowing treatments, particularly when they 
involve mastication or mechanical thin-
ning followed by prescribed fire (Collins 
et al. 2007; Kane et al. 2010; Stevens et al. 
2014). This is consistent with findings 
from other regions (Freeman et al. 2007; 
Schwilk et al. 2009; Stephens et al. 2012). 
However, non-native species richness in 
untreated forests that burn at high sever-
ity has been shown to exceed non-native 
species richness in treated forests, both in 
California (Stevens et al. 2015) and nation-
ally (Freeman et al. 2007). These findings 
indicate that low- and moderate-severity 
fires may reduce the risk of non-native 

plant invasion compared with high-sever-
ity fires in some cases.

Finally, treatments can indirectly affect 
all vegetation through their moderation 
of subsequent wildfire severity. When 
untreated forest burns under severe fire 
weather conditions, fire severity is gen-
erally high (Martinson and Omi 2013; 
Safford et al. 2012; Stevens et al. 2014). 
When treated forest burns in a wildfire, 
there is generally less effect on the forest 
overstory than in untreated forest, sug-
gesting that treatments can increase for-
est resilience to future disturbance. This 
overstory resilience translates to under-
story resilience: compared with untreated 
stands, treated stands after wildfire have 
more tree regeneration, less shrub regen-
eration and higher native species diversity 
at the stand scale (Stevens et al. 2014; 
Stevens et al. 2015). Native species diver-
sity at the plot scale increases following 
both low- and high-severity fires, but di-
versity at the stand scale is greater follow-
ing low-severity fires (Stevens et al. 2015), 
possibly because some species that are 
not adapted to fire may be able to persist 
during low fire intensity, and even among 
fire-adapted species, some may prefer 
low-intensity fire to high-intensity fire 
(Rocca 2009). Thus, stand-scale diversity 
can likely be maintained at high levels 
under a heterogeneous regime of predom-
inantly low- and moderate-severity fires 
with smaller patches of high severity.

Effects on carbon

While fuel treatments reduce the 
carbon stocks of forests by removing 
biomass, they also benefit the long-term 
ecosystem carbon equation by reducing 
the carbon emissions from subsequent 
wildfires. There is great interest in in-
creasing the carbon in forests to reduce 
the impacts of global warming but there 
is also much uncertainty and debate 
about the total extent of the carbon ben-
efits of fuels treatments (Campbell et al. 
2012; McKinley et al. 2011). Because of 
their high fire risk and moderate produc-
tivity, YPMC forests may not be optimal 
places to try to sustainably sequester large 
amounts of carbon, but properly imple-
mented fuel treatments can at least theo-
retically reduce fire severity sufficiently 
to maintain ecosystem carbon over the 
long term (Hurteau et al. 2008; Mitchell et 
al. 2009), provided the reduced fuel struc-
ture is maintained over time by future 
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treatments, prescribed fire, or managed 
wildfire. 

In YPMC forests, fuel treatments that 
target surface and ladder fuels by remov-
ing small-diameter trees and shrubs can 
more quickly recover the carbon lost in 
the vegetation removal than treatments 
that target larger trees, because large trees 
store more carbon than small trees and 
add it at a faster pace, so it takes longer to 
recover the carbon losses (Hurteau and 
North 2010; Stephenson et al. 2014). In the 
event of wildfires, treated forests lose less 
carbon (from the burning of live and dead 
vegetation) than untreated forests and 
recover the lost carbon faster due to the 
higher numbers of live trees. However, 
fuel treatments may remove more carbon 
in total (in live and dead material) than 
the carbon lost in a wildfire (Carlson et al. 
2012; North and Hurteau 2011; Winford 
and Gaither 2012). Site-specific measure-
ments that include the vegetation type, 
the fire regime, the type of treatment, the 
decay of dead trees, and the fate of the 
biomass removed can help answer the 
question of whether the carbon removed 

in fuel treatments is greater than the car-
bon released by wildfire. 

Effects on soils

In the national Fire and Fire Surrogates 
(FFS) study, which was designed to assess 
fuel treatment impacts in different forest 
types (Schwilk et al. 2009), fuel reduction 
treatments and prescribed fire had few 
long-term impacts on soil, while short-
term impacts varied from region to region 
(Stephens et al. 2012). In the short term, 
prescribed fire decreases the organic 
layer on the forest floor, which leads to 
temporary exposure of mineral soil and 
also volatilizes carbon and nitrogen (e.g., 
Caldwell et al. 2002; Murphy et al. 2006). 
However, within a decade or less, total 
nitrogen and carbon generally rebound to 
pre-treatment levels (Boerner et al. 2009; 
Stephens et al. 2012). In the FFS study, 
there was no long-term impact on mineral 
soil carbon or nitrogen, soil bulk density, 
soil pH or available cations from any of 
the studied treatment types (Stephens et 
al. 2012), and a long-term study on slash 
retention and prescribed fire found no 

changes in site productivity after 20 years 
(Busse 2010). 

Note also that relatively high short-
term losses of nitrogen and carbon from 
litter combustion in fire can be due to the 
long-term accumulation of litter result-
ing from fire suppression (Johnson et al. 
2009). A common finding is an ephemeral 
increase in inorganic nitrogen (NO3− 
and NH4+) following fire and combined 
fire and thinning, but the response is 
not entirely consistent across studies 
(Moghaddas and Stephens 2007; Minocha 
et al. 2013). 

Effects on wildlife

Fuel treatments have a range of im-
pacts on wildlife species, depending 
on the species and the scale studied 
(Stephens et al. 2012). A meta-analysis of 
avian and small-mammal responses to 
wildfire, thinning, and thinning plus pre-
scribed fire showed that most short-term 
responses at fine spatial scales mimicked 
species responses to low- and moderate-
severity wildfire (Fontaine and Kennedy 
2012). The majority of the responses to the 
fuel treatments were neutral; thinning 
combined with prescribed fire had the 
most positive species responses; and spe-
cies responded to high-severity wildfire 
with the strongest reaction (both positive 
and negative) (Fontaine and Kennedy 
2012). 

Several wildlife species in the Sierra 
Nevada utilize the forest structure and 
early-successional conditions that occur 
following a high-severity fire, which are 
not well approximated by prescribed fire 
or thinning treatments (Fontaine and 
Kennedy 2012; Hutto 2008; Stephens et 
al. 2012). The black-backed woodpecker, 
a post-fire specialist that searches for in-
sects in dead trees, may benefit from fire-
scorched dead trees following prescribed 
fires with high intensities, or from leaving 
clumps of dense trees during thinning 
operations that can subsequently burn at 
higher severities (Hutto 2008). Treatments 
that seek to create heterogeneous land-
scapes with all successional stages present 
and the full range of disturbance condi-
tions are most suitable to multiple species, 
though managers may still need to work 

Several species in the Sierra Nevada, such as the 
black-backed woodpecker, may benefit from the 
conditions that occur after a high-severity fire.M
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High native species diversity can be maintained by recurring 
low- and moderate-severity fires following initial fuel treatments.

to include canopy gaps or patches of high-
severity fire, either through mechanical 
treatments, prescribed fire or managed 
wildfire (Fontaine and Kennedy 2012 ). 

A handful of studies have looked at 
impacts of fuels treatment on species 
of conservation concern, such as the 
California spotted owl (Strix occidentalis), 
the fisher (Martes pennanti) and the mar-
ten (Martes americana), though the studies 
are limited in the number of individuals, 

locations and scales they encompassed. At 
a stand scale, fuel treatments that avoid 
removing large live trees, large dead 
standing trees and large dead downed 
trees will best preserve important nesting, 
roosting and foraging habitat for multiple 
species (Keane 2014; Zielinski 2014).

 The preferred late-seral habitat for 
fisher and spotted owl may experience 
short-term reductions in quality from the 
removal of woody biomass, including 
snags and downed woody debris, but the 
long-term benefit to the species is reduc-
ing the risk of stand-replacing fire, which 
could reduce nesting habitat quality for 
these species for a longer period of time 
(Lee and Irwin 2005; Scheller et al. 2011). 
Reductions in canopy cover from late-
season prescribed fires and mechanical 
thinning plus fire can reduce the quality 
of fisher roosting habitat, but foraging 
habitat remains unaffected (Truex and 
Zielinski 2013). 

Roberts et al.’s (2011) finding that spot-
ted owls can persist in a landscape that 
has a low- to mixed-severity fire regime 
also suggests that fuel treatment effects 
may be relatively minor and transitory. 
Stephens et al. (2014) found that fuel treat-
ments with an even tree spacing focused 
on fire hazard reduction caused a decline 
in spotted owl nesting activity, while most 

other wildlife species were unaffected. 
They argue that increased heterogeneity 
in treatments may improve the persis-
tence of spotted owls in actively managed 
forest (Stephens et al. 2014).

Effects on pests and pathogens

Reducing stand density can lead to 
notable reductions in bark beetle attacks, 
mostly by increasing tree vigor (Fettig et 
al. 2007). However, managers should be 

aware that fuel treatments may also cause 
indirect mortality from pests. Relatively 
low levels of delayed mortality (5% to 
10%) can occur from beetles following 
treatment, particularly in treatments that 
include prescribed fire (Maloney et al. 
2008; Stark et al. 2013). Where prescribed 
fire is used, post-treatment beetle-caused 
mortality can increase with fire severity 
(Breece et al. 2008; McHugh et al. 2003; 
Parker et al. 2006). Insect pests may also 
be attracted to thin-only activities that 
leave fuels on the ground (Fettig et al. 
2007), although mastication may help pre-
vent this (Stark et al. 2013). 

Studies vary in whether Abies or Pinus 
species show more susceptibility to bark 
beetle attack following prescribed fire, 
though most agree that sugar pine shows 
higher incidence of indirect mortality 
than would be expected by chance alone 
(Maloney et al. 2008; Stark et al. 2013). 
Thinning treatments may reduce mistle-
toe abundance on larger trees, though 
thinning may also exacerbate the spread 
of root diseases such as Armillaria and 
Heterobasidion annosum (Maloney et al. 
2008).

Conclusion

Ten years ago, we had a limited 
scientific understanding about the 

effectiveness of forest fuel treatments in 
YPMC forests and the effects they may 
have on forest ecology. Today, we know 
that certain treatments — for example, 
mechanical and/or hand-thinning fol-
lowed by some sort of prescribed fire, or 
prescribed fire alone — are very effec-
tive at reducing wildfire severity. We are 
also learning that the ecological impacts 
of such fuel treatment combinations are 
not necessarily negative, indeed they 
are more often neutral to positive. This 
speaks to the restorative ability of forest 
thinning and prescribed fire in formerly 
fire-prone forests that have experienced 
a century of fire exclusion and a century 
and a half of other human impacts, in-
cluding the removal of most large fire-
tolerant trees and their replacement by 
high densities of smaller, less fire-tolerant 
species. Most scientific studies of the 
ecological impacts of fuel treatments in 
YPMC forests have been short term and 
small scale. There is a great need to scale 
upward and outward in our investiga-
tions of forest management impacts on 
YPMC forests, especially with respect to 
their landscape-level impacts on forest 
resilience to ecosystem stressors such as 
climate change, fire, prolonged drought, 
insects and disease. c
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