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Fig. 5. The median and interquartile range for the 
change in the probability of individual species 
occurrence under different treatment scenarios in the 
study area. FHR, fire hazard reduction; RES, 
restoration; WUI, wildland–urban interface. 

and especially FHR-max scenarios were the most 
effective at slowing the rate of fire spread (Fig. 6). 
Because the high-risk fire scenario that we identi-
fied involved an ignition in the southwestern por-
tion of the landscape with southwesterly winds, 
the FHR and RES treatment strategies and par-
ticularly the max-treatments were positioned in 
closer proximity to the early days of fire spread, 
relative to the WUI treatment strategy (Fig. 2). 
With a more uniform effect on the fuel models 
that drive fire spread (Appendix S1: Fig. S1), the 
FHR strategies had 222 fewer burned ha than 
the RES strategies for the subtreatments, and 486 
fewer burned ha for the max-treatments, by the 
end of the second burn day (Table 4). The reduc-
tions in burned area in the FHR strategies relative 
to a no-treatment alternative were even greater, 
by 287 ha for FHR-sub and 527 ha for FHR-max. 
Accordingly, the FHR strategies resulted in a 
smaller downwind area affected by smoke emis-
sions above 20 μg/m3, relative to either the no-
treatment alternative or the restoration scenarios, 
which were all similar to each other (Fig. 7). 

dIscussIon 

Our results clearly demonstrate that modifying 
fuel treatment prescriptions, placement and 

landscape extent have differential effects across a 
range of resources. However, for all treatment 
strategies, we considered the magnitude of 
impacts at the landscape scale tended to be fairly 
small, relative to other studies in similar forest 
types (Collins et al. 2011, 2013). We highlight 
four key findings from our simulations and dis-
cuss how applicable they are to other similar 
landscapes. First, the proportion of the landscape 
with high potential flame lengths was affected 
more by treatment prescription than by treat-
ment placement or extent. Second, the potential 
smoke impacts at the landscape scale were 
affected by both prescription and extent, but less 
affected by placement. Third, the change in can-
opy heterogeneity within treatments was 
strongly affected by prescription, but changes at 
the landscape scale were fairly minor. Fourth, 
changes in avian richness were minor overall 
and were not tightly coupled to changes in can-
opy heterogeneity within treatments but rather 
to how much a previously closed canopy was 
opened. 

Treatment prescriptions that called for a uni-
form reduction of fuels (WUI and FHR) had a 
much greater reduction in the proportion of the 
landscape with high potential flame lengths, 
compared to the heterogeneous restoration treat-
ments (Fig. 4). This is primarily due to the more 
complete reduction of fuels within the treated 
areas (Appendix S1: Fig. S1). However, increas-
ing the extent of the intensive FHR treatments 
from 13% of the landscape to the maximum 30% 
of the landscape caused little additional reduc-
tion in area with high potential flame lengths. 
Beyond the initial 13% treated area, most of the 
additional area burned at high severity was on 
private land at the eastern edge of the landscape 
rather than the higher-elevation forests on public 
land that were treated by scaling up the treated 
area to the maximum 30% (Appendix S1: Fig. 
S3). This finding illustrates that for some land-
scapes, smaller treatments of high-vulnerability 
portions of the landscape may be sufficient to 
reduce potential high-severity fire, particularly 
if the fire hazard is relatively low prior to treat-
ment (Loehle 2004). This study landscape also 
had high overlap between the WUI defense zone 
(Fig. 2a) and the area with the highest probabil-
ity of high-severity fire (Appendix S1: Fig. S3). As 
a result, the WUI and FHR-sub treatments had 
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Fig. 6. Daily burn perimeters for different treatment strategies and the no-treatment alternative. The ignition 
line is shown in yellow at the southwest corner of the watershed. Four groups of perimeters reflect 12–15 August 
burn days. FHR, fire hazard reduction; RES, restoration; WUI, wildland–urban interface. 
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Table 4. Daily emissions of PM10, and area burned for the simulated 4-d fire event, within the target study area 
for each of five treatment strategies and a no-treatment alternative. 

12 August 13 August 14 August 15 August 
Treatment strategy d1 d2 d3 d4 Cumulative 

Emissions (PM10) 
No treatment 238 1170 1141 438 2987 
WUI 232 1127 1001 412 2772 
FHR-sub 187 994 1049 518 2748 
RES-sub 205 1130 1127 438 2899 
FHR-max 146 816 1015 498 2474 
RES-max 216 1107 1007 476 2806 

Burn area (ha) 
No treatment 733 2518 3035 1337 7624 
WUI 730 2462 2876 1510 7578 
FHR-sub 629 2335 2814 1795 7574 
RES-sub 687 2499 3035 1391 7611 
FHR-max 581 2143 2654 2002 7381 
RES-max 726 2484 2707 1679 7596 

Notes: Metric tons PM10 for a given burn day. FHR, fire hazard reduction; RES, restoration; WUI, wildland–urban 
interface. 

very similar effects on reducing flame lengths 
across the landscape and within the WUI defense 
zone (Fig. 4) despite following different place-
ment rules. These results suggest that in some 
landscapes, there is potential for mechanical 
fuel treatments to simultaneously meet multi-
ple objectives, for example, WUI protection and 
landscape FHR (Winter et al. 2002, Reinhardt 
et al. 2008). 

One hypothesized trade-off (Table 1) was that 
treatment strategies that were not focused on 
reducing flame lengths across the landscape 
(i.e., the RES strategies) would be less effective 
at reducing potential smoke impacts from wild-
fire. However, we found that smoke impacts 
were generally less sensitive than potential flame 
length was to treatment prescription, while the 
extent of the treatment appeared to be more rel-
evant in predicting smoke impacts (Fig. 4). For 
example, the total potential PM10 emissions from 
the RES-max strategy were similar to the WUI 
and FHR-sub strategies, despite the RES-max 
strategy having a greater fraction of the land-
scape with potential high-severity fire (Table 3). 
Downwind smoke effects appear driven largely 
by area burned rather than fuel loads and sever-
ity (Figs. 6, 7). Much of the upper Ward and 
Blackwood watersheds has “stringers” of higher-
elevation forest, dominated by a mix of white fir, 
red fir, and subalpine species, which readily prop-
agates fire through the landscape even if flame 

lengths rarely exceed 2.5 m (Fig. 1b; Appendix S1: 
Fig. S3). 

Mechanical treatments may need to be more 
extensive if the objective is to reduce smoke 
impacts by reducing area burned in a given 
period. It has been argued that fuel treatments 
ought not be implemented to stop fire or enhance 
suppression effectiveness, but rather to reduce 
uncharacteristic fire effects when fire eventually 
does occur (Reinhardt et al. 2008). Our results 
demonstrating greater reductions in potential 
flame length (Appendix S1: Fig. S3) than the rate 
of spread (Fig. 6) support this assertion. However, 
our analysis does not account for the impact of 
fire suppression, which would likely be facili-
tated by the overall reduction in flame lengths. 
If successful, suppression would likely reduce 
the area burned, which is the primary driver of 
smoke impacts. However, given the ecological 
benefits of fire, and the important role of recur-
ring prescribed fires and managed wildfires in 
maintaining landscapes in a resilient condition, 
it is necessary to tolerate some smoke production 
in order to achieve other management objectives 
(North et al. 2015b, Schweizer and Cisneros 2016). 

The treatment prescription had strong effects 
on canopy heterogeneity. RES treatment pre-
scriptions slightly reduced variation in canopy 
cover at the 30-m scale within the treatment 
(Fig. 4b), despite the prescription explicitly 
attempting to maintain variation in canopy and 
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Fig. 7. Smoke impacts for different treatment strategies and the no-treatment alternative. Contours show 
locations of areas where PM2.5 levels exceeded 20 μg/m3 at 9 pm on the night of 13 August (day 2; the day with 
the greatest change in emissions among all scenarios) among the different treatment strategies. The underlying 
PM2.5 concentrations (pink shades) are from the no-treatment alternative. On this particular burn day, the FHR 
scenarios reduced the area with greater than 20 μg/m3 in the downwind Reno, Nevada area (upper right), by 
approximately 20% (FHR-sub) to 56% (FHR-max). FHR, fire hazard reduction; RES, restoration. 

other fuels at that scale (Table 2). This illustrates 
that variability in canopy cover can still be quite 
high prior to fuel treatments, even if the total 
canopy cover across the treated area is also high 
(Stevens et al. 2015). However, the variable RES 
treatments maintained greater variation in can-
opy cover within treatments and may be a better 
approximation of historical forest structure com-
pared to the more uniform treatment prescrip-
tions (North et al. 2009). Moreover, such variable 
treatments may accentuate heterogeneity in 

stand structure and composition under subse-
quent fires (Stevens et al. 2015), if tree clumps 
within the treatment burn at high severity as 
they did in our simulation (Appendix S1: Fig. S3). 
Despite this important effect of treatment pre-
scription on canopy cover variation within the 
treated area, the standard deviation of canopy 
cover changed relatively little at the landscape 
scale (Fig. 4a), where treatments that covered the 
greatest extent (FHR-max and RES-max) actu-
ally had the greatest reduction in canopy cover 
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variance. All five treatment strategies generally 
targeted areas that had high canopy cover prior 
to treatments, and thus, all strategies reduced the 
contribution of very high canopy cover stands to 
the overall landscape-scale canopy cover. 

The primary trade-off that we hypothesized for 
our set of treatment strategies, namely that treat-
ments most effective at reducing fire and smoke 
impacts might also have negative effects on habi-
tat for wildlife species (Table 1), was not borne out 
by our simulations. The main reason for this was 
that avian species richness was not closely linked 
to heterogeneity in canopy cover and forest struc-
ture within treated areas (Fig. 4b). In fact, avian 
richness generally increased following treatments 
and increased more following uniform treatment 
prescriptions (WUI and FHR) than variable treat-
ment prescriptions (RES; Appendix S1: Fig. S4). 
This suggests that the reduction in canopy cover 
modeled in the WUI and FHR treatments may be 
a good compromise between species preferring 
more closed canopy conditions and those that 
prefer more open canopy conditions. 

While overall richness increased more in the 
uniform treatments, there were fewer species 
experiencing declines in abundance of more than 
5% in the more variable restoration treatments 
(Fig. 5). Depending on the level of concern for the 
declining species, there may actually be a trade-
off between reducing fire hazards and the conser-
vation of these species. Sensitive wildlife species, 
particularly those with special legal protections, 
are a particular concern in landscape restoration 
(Truex and Zielinski 2013, Tempel et al. 2014, 
2015). Many of these species are associated with 
patches of dense canopy cover and large trees. 
Our modeling suggests potential to increase 
landscape (gamma) diversity by increasing dif-
ferentiation among habitats (beta diversity; see 
also White et al. 2013b). Although there are poten-
tial downsides to species that favor high canopy 
cover, research has suggested that some of these 
species, such as Northern flying squirrels, can tol-
erate localized canopy reductions by redistribut-
ing their populations across the landscape within 
untreated patches (Sollman et al. 2016). 

The relatively minor differences in outcomes 
between the strategies are strongly affected 
by the ubiquitous and significant structural 
changes resulting from a century of fire suppres-
sion (Safford and Stevens, in press). While fuel 

treatments generally reduced fire severity, effects 
were localized and did not dramatically change 
fire extent without uniformly treating ~30% of the 
landscape (Fig. 6), because much of the landscape 
outside of the treatments continues to provide 
fuel loads and continuity for rapid-fire expansion. 
This condition also affected the modeled wildlife 
response, with such extensive high canopy cover 
across the landscape that greater canopy reduc-
tions, even when more uniformly applied (i.e., 
the WUI and FHR strategies), improved habitat 
for a majority of species. Our modeling compar-
ison suggests that the extent and degree of fuel 
loading in fire-suppressed landscapes may create 
such inertia that different strategies have similar 
limited outcomes. To effect greater change and 
maintain the desired variability associated with 
frequent fire regimes, managers will likely need 
to increase treatment extent beyond the limited 
land base available to mechanical methods using 
prescribed burning and managed wildfire (North 
et al. 2012b, 2015b). This is particularly true as 
climate change increases the likelihood of large 
unplanned fire events (Stephens et al. 2014b). 
Forest restoration efforts may use historical con-
ditions as a guideline, but it will be important to 
design treatments that maintain forest resilience 
to future conditions that may include greater 
incidence of fire, drought, and insect outbreaks 
(Earles et al. 2014, Safford and Stevens, in press). 

Management of fire-dependent landscapes 
involves balancing multiple objectives such as 
WUI protection, restoration of ecosystem struc-
ture, and fire regimes and maintaining wildlife 
habitat, which makes decisions over optimal 
treatment strategies difficult, particularly in 
areas with an extensive WUI (Ager et al. 2007). 
Our findings indicate that mechanical treat-
ments over a relatively small fraction (10–20%) 
of a landscape might be a reasonable first step in 
a treatment strategy for broader landscape res-
toration by encouraging low-intensity fire and 
targeting high-risk areas. This approach may 
generate relatively benign impacts for wildlife 
overall and allow treatments to avoid particu-
larly sensitive habitat areas for species associated 
with more closed canopy conditions. This initial 
approach may continue to rely on suppression 
of wildfires to avoid harmful smoke emissions 
that are strongly tied to the rate and extent of 
fire spread However, smoke emissions should be 
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recognized as a natural component of fire-prone 
forests (Schweizer and Cisneros 2016). Most 
importantly, outcomes from fuel treatments may 
depend greatly on subsequent use of fire (Stevens 
et al. 2014). The benefits of promoting fine-grain 
structural variability may be more fully realized 
following moderate burning that creates diverse 
postburn stand structures and biotic communi-
ties that are resilient to future wildfires. 
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