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Climate change is profoundly altering forest distribution  
 and disturbance regimes worldwide (Seidl et al. 2017). 

Humans also continue to shape forests globally. In the season-
ally dry forests of western North America, a century of fire 
suppression and large-tree logging has transformed forest 
structure away from historical conditions (Collins et al. 2017). 
Forests that were historically open with low tree densities now 
have high densities of small- and medium-sized trees and a 
deficit of large trees (Safford and Stevens 2017). These altered 
forest structures combined with climate change have led to 
larger, more severe fires (Steel et al. 2015; Westerling 2016) and 
widespread drought-related tree mortality (Fettig et al. 2019), 
with substantial impacts to humans and forests. These increas-
ingly common “mega-disturbance” events pose a major threat 
to forest persistence, and to forest species and ecosystem ser-
vices (Stephens et al. 2018; Wood and Jones 2019).

Landscape-scale forest restoration may increase seasonally 
dry forest ecosystem resilience (Stephens et al. 2020). Thinning 
and prescribed/managed fire can reduce accumulation and 
increase heterogeneity of fuels (Knapp et al. 2017); promote 
development of large, fire-resistant trees (Agee and Skinner 
2005); alter fire behavior and lower severe fire likelihood 
(Tubbesing et al. 2019); and reduce risk of drought-related tree 
mortality (Bradford and Bell 2016). However, restoration alters 
forests inhabited by wildlife that depend on large, old trees, 

high canopy cover, and complex vertical structure (Tempel 
et al. 2014). Concern over wildlife habitat has limited the pace 
and scale of forest restoration efforts (North et al. 2015a). Thus, 
restoring seasonally dry forest ecosystems while safeguarding 
vulnerable populations of old-forest species presents a conser-
vation conundrum: how can restoration occur without jeop-
ardizing species that use “departed” forest conditions (Peery 
et al. 2017)?

Solving this conundrum involves understanding whether 
or how the potential negative short-term impacts of resto-
ration on old-forest species can be outweighed by reducing 
habitat loss to future severe wildfires. To address this ques-
tion, we developed a novel bioregional-scale severe fire model 
(hereafter, “fire model”) that generates robust, fine-grain 
(30-m) predictions of future severe fire activity linked to 
climate and vegetation (eg fuels) conditions. We coupled 
the severe fire model with a spatial occupancy model (“occu-
pancy model”) to evaluate relative and scale-dependent effects 
of restoration and severe fire on a focal old-forest species, 
the spotted owl (Strix occidentalis) (Figure 1), across the 
Sierra Nevada mountains of California (~120,000 km2). In 
doing so, we assessed two central questions about bioregional-
scale forest restoration. First, can restoration effectively reduce 
future severe fire activity in a changing climate? Second, 
can restoration provide co-benefits to old-forest species?

Methods

We fit the fire and occupancy empirical models independently 
over the period for which common historical data existed 
(1984–2015), then linked them together during forward 
simulations of restoration- and climate-induced changes in 
patterns of severe fire and owl occupancy dynamics (through 
2064; WebFigure 1). Climate-change effects in the fire model 
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were represented using the Representative Concentration 
Pathway 8.5 (RCP8.5) and the global circulation model 
(GCM) CNRM-CM5. We chose RCP8.5 because it reflected 
a “business-as-usual” emissions scenario; however, we con-
sidered only projections through mid-century, when the 
divergence between RCP8.5 and other more optimistic sce-
narios is modest compared to the final decades of the 21st 
century. The CNRM-CM5 model typically reflects moderate 
to warmer conditions than other commonly used GCMs 
and therefore represents a “higher end” warming scenario 
that produced greater future fire activity in our model. The 
fire model produced annual realizations of severe fire occur-
rence across the Sierra Nevada through mid-century (2064) 
that fed into the occupancy model. The behavior of both 
models was linked to a factorial design that varied the extent 
and location of restoration activities (changes to “fire regime 
condition class” [FRCC]; see WebPanel 1) across the land-
scape (Westerling 2018). By using changes in FRCC to reflect 
effects of restoration activities (eg fuels reduction), we assume 
that such activities, however implemented, can return forests 
to their historical range of variability.

Restoration (or “treatment”) was simulated in areas without 
substantial mechanical operability constraints on non-
subalpine federal lands (hereafter “treatable” lands; Collins 
et al. 2010; North et al. 2015a), with total treatment extent var-
ying in equal intervals (20%, 30%, 40%, 50%, and 60% of the 
Sierra Nevada bioregion treated). Treatable lands (approxi-
mately 60,000 km2) excluded wilderness areas, inaccessible 
areas, and other sensitive areas that cannot be treated under 
current regulatory frameworks. The highest treatment level 
(60%) represented ~90% of the total “treatable” area in the 

Sierra Nevada. A second set of treatment scenarios maintained 
the same total treatment extent but excluded treatment from 
spotted owl territories. Restoration treatments were intro-
duced into the fire and owl occupancy models in year one of 
the forward projection and were implemented “instantane-
ously”, meaning that treatment effects were immediate. 
Consequences of this simplifying assumption likely include an 
overestimation of the short-term effects of treatments (because 
they cannot be implemented across such large scales immedi-
ately) both in terms of their ability to reduce severe fire behav-
ior and their effects on owl habitat. We evaluated the effect of 
our assumptions about how treatments would alter owl habitat 
by conducting a sensitivity analysis in which we varied the 
extent to which treatment modified habitat within the occu-
pancy model (“no habitat alteration”, “weak habitat alteration”, 
“strong habitat alteration”; see WebPanel 1).

Fire model

We developed a novel multiscale fire model using remotely 
sensed burn severity data (WebFigure 1; WebPanel 1). 
We defined high severity as 90% basal area killed (here-
after “stand-replacing” or “severe” fire). The multiscale 
fire model consisted of large-scale (~6-km) and fine-scale 
(30-m) “submodels” that interacted to produce spatial 
realizations of severe fire. We developed the large-scale 
submodel by fitting a spatially explicit logistic regression 
model on a ~6-km grid to estimate the monthly proba-
bilities of the occurrence of at least one fire >400 ha as 
a function of topography, human population, vegetation 
fraction, and climate (WebPanel 1; Westerling 2018). Then, 
for each fire >400 ha, the probability of a minimum 
threshold (>50 ha) burning in a stand-replacing fire was 
estimated by fitting a logistic regression with climate 
covariates. To estimate conditional extent of stand-replacing 
burned area, we fitted a generalized Pareto distribution 
with climate and FRCC covariates for each fire with >50 
ha stand-replacing burned area (WebFigure 2). We used 
this model system to simulate large-scale stand-replacing 
burned area for each climate and treatment scenario (see 
WebPanel 1).

We developed the fine-scale submodel (a mapping algo-
rithm) by selecting 20 fires for model training that yielded 
the most complete coverage of latitude, year, ignition month, 
fire size, and severity in the Sierra Nevada (WebTable 1). 
Random Forests, a machine-learning algorithm, was used to 
predict occurrence of stand-replacing fire pixels (30 m) on 
the landscape as a function of topography, vegetation type, 
and fire size, and a spatial allocation algorithm was devel-
oped to link the large- and fine-scale model to assign 
severely burned pixels to the 30-m landscape surface using a 
Monte Carlo simulation. Starting with a randomly assigned 
ignition point (using a uniform distribution) within the 
large-scale modeling pixel, the algorithm assigned 30-m pix-
els as stand-replacing fire (true/false) in an iterative fashion 

Figure 1. An adult male spotted owl (Strix occidentalis) located in Sequoia 
and Kings Canyon National Parks in the southern Sierra Nevada, California.
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based on the modeled fine-scale probability surface until the 
predicted fire size from the large-scale model was reached. 
This procedure was repeated for the entire suite of models 
100 times for each unique treatment scenario, and each indi-
vidual simulation was delivered to the spatial occupancy 
model for spotted owls (see below). Full model description, 
evaluation, accuracy and error assessments, and allocation 
examples are provided in WebPanel 1.

Occupancy model

We modeled spotted owl territory (hereafter, “site”) occu-
pancy using a Bayesian spatial occupancy model (Chandler 
et al. 2015) with detection/non-detection data from  
n = 275 owl survey areas collected between 1993 and 2011 
(WebFigure 1; Tempel et al. 2016). The spatial dependence 
in the model’s structure allowed occupancy dynamics of 
the 275 surveyed sites to be modeled within a broader net-
work of 1844 known or imputed sites representing nearly 
all suitable habitat in the Sierra Nevada (see Jones 2019). 
Site extinction probability and detection probability were 
modeled as a function of forest structural variables repre-
senting the proportion of each owl site containing large 
trees (quadratic mean stand diameter ≥61 cm) and high 
canopy closure (≥70% canopy cover), and large trees and 
medium canopy closure (40–70% canopy cover), respectively 
(WebFigure 1; WebPanel 1; Jones et al. 2018).

We combined output from the multiscale fire model with 
500 multivariate posterior draws of parameter distributions 
to project the spotted owl population forward over the 
period 2012–2064 while incorporating the full parameter 
uncertainty (WebFigure 1; WebPanel 1). Simulated treat-
ment effects within individual owl territories were modeled 
by modifying forest structure covariate values (see above) in 
a manner consistent with expected changes in horizontal 
canopy structure due to treatments (ie reducing fuel conti-
nuity by reducing canopy cover). Severe fire effects were 
modeled using an empirical effect of severe fire extent (pro-
portion of territory area burned severely) on spotted owl 
local extinction rates determined by a before–after control–
impact natural experiment (WebFigure 1; Jones et al. 2016). 
In forward projections of the model system, we focused on 
reporting expected (mean) outcomes to guide discussion of 
management implications, but we also acknowledge and dis-
cuss the role of prediction uncertainty in interpretation of 
results. For full model description and reporting, see 
WebPanel 1.

Results

In the absence of forest restoration treatments, severe fire 
was predicted to burn an average of ~24,000 ha/year 
(maximum annual prediction 235,000 ha) in the Sierra 
Nevada, or a total of ~720,000 ha (range 453,585–1,068,009 
ha over 100 simulations) during the years 2035–2064 
(Figure 2a; WebFigure 2). Restoration changed the expected 

severe fire area by a minimum of −6.8% (a reduction of 
45,930 ha of severe fire) to −55.8% (a reduction of 257,880 
ha of severe fire) over the period 2035–2064 depending 
on treatment extent and location (Figure 2, b and c). 
However, uncertainty in annual decreases of severe fire 
extent across the stochastic fire replicates resulting from 
treatment effects was large (orders of magnitude; 
WebFigure 2). More extensive treatments consistently 
reduced expected severe fire area across the landscape, 
and this effect was proportionally larger when treatments 
were included in owl territories (Figure 2c; WebFigure 2). 
For example, treating 60% of the landscape but restricting 
treatments to occur outside of owl territories reduced 
severe fire area by 29%, whereas allowing treatments to 
occur in owl territories reduced severe fire by nearly 56%. 
Moreover, higher levels of treatment (eg >40% of the 
Sierra Nevada) appeared to reduce expected severe fire 
activity even in years when climate models produced 
extreme fire conditions, most notably when treatments 
were included in owl territories (WebFigure 3).

The degree to which owl territories were exposed to local 
extinction-inducing severe fire depended on the spatial 
extent of simulated restoration treatments and whether 
treatments were allowed within owl territories (WebFigure 3). 
Forest restoration has the potential to provide expected net 
benefits to spotted owls inhabiting the Sierra Nevada by the 
mid-21st century under all scenarios considered (Figure 3). 
When treatments were excluded from owl territories 
(Figure 3a), owl populations experienced expected net bene-
fits that increased with more treatment, but the long-term 
benefits were lower compared to scenarios where owl terri-
tories received treatments (Figure 3, b–d). Owls were 
expected to benefit most when treatments occurred within 
territories and when treatments avoided modifying large 
tree/high canopy cover forest (Figure 3b). When treatments 
occurred inside territories and owl habitat was modified 
(Figure 3, c and d), a downward pressure was imposed on 
owl populations over initial years of the simulation but var-
ied in degree depending on assumptions made about the 
extent to which treatment directly altered owl habitat. The 
expected net costs of treatment were offset by the cumulative 
benefits of reduced severe fire exposure by the 2040s and 
2050s for all treatment scenarios (Figure 3, c and d). 
Importantly, the scenarios involving treatment in owl terri-
tories (and therefore simulated changes to forest structure in 
the owl model) introduced additional variability into the 
model system because of uncertainty associated with effects 
of habitat alteration, which resulted in wider prediction 
intervals (WebFigure 4).

When averaged across the entire Sierra Nevada, expected 
treatment effects on population occupancy were apparent but 
modest in magnitude (eg –0.01 to +0.04; Figure 3). However, 
larger expected effects that varied considerably in space were 
apparent at the territory scale (eg ±0.30; Figure 4; WebFigure 4). 
When treatments were excluded from owl territories, there 
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were relatively uniform expected benefits to mid-century terri-
tory occupancy compared to a no-treatment scenario (eg –0.06 
to +0.11; range of 99th percentile of values; Figure 4b). These 
benefits grew (eg –0.07 to +0.20) when treatments were simu-
lated to occur within owl territories but were assumed to avoid 
modifying large tree/high canopy cover forest (Figure 4c). 
When simulated treatments were applied in owl territories and 
treatment was assumed to modify owl habitat, strong 

regional-scale patterns in trade-offs emerged 
(eg –0.11 to +0.22; Figure 4d). Broad-scale pat-
terns in trade-offs were driven by regionally 
varying treatment effects to owl habitat esti-
mated from occupancy data (WebTable 2) and 
spatial variation in future severe fire exposure 
(Figure 2).

Discussion

Our analysis indicates that climate change 
will result in increased severe fire extent in 
the Sierra Nevada through mid-century, but 
that bioregional-scale restoration has the 
potential to offset this increase. Restoration 
also appears to support spotted owl conser-
vation, suggesting co-benefits between forest 
resilience and old-forest species conservation 
objectives. Owls experienced relatively large 
expected benefits from treatment in areas 
where treatments considerably reduced 
future severe fire (Figures 2 and 4). 
Conversely, areas where owls experienced 
net negative treatment effects (eg southern 
Sierra Nevada) were characterized by lower 
future exposure to severe fire, more pro-
nounced direct treatment impacts on pre-
dicted territory extinction rates, or both 
(Figures 2 and 4; WebTable 2). When treat-
ments occurred in owl territories but were 

assumed not to alter key owl habitat, benefits were nearly 
universal and larger than other scenarios (Figures 3b and 
4b) with less prediction uncertainty (WebFigure 4). Optimal 
management strategies might therefore entail a mixed 
approach where treatments are excluded from owl territories 
or designed to avoid high-quality owl habitat in certain 
regions where expected negative impacts of treatment are 
greatest, and included elsewhere where expected direct effects 

Figure 2. Severe fire activity in the Sierra Nevada is expected to increase by mid-century but 
was altered by treatment location and extent. (a) Mean annual increase in severe fire (90% 
basal area killed) over a mid-century climate period (2035–2064) under the baseline no-
treatment (0%) scenario; (b) expected effects of treatment on severe fire activity when treat-
ments excluded from spotted owl (Strix occidentalis) territories at varying levels of treatment 
extent (increasing from left to right); (c) expected effects of treatment on severe fire activity 
when treatments are included in owl territories. The polygon outlined in black depicts the 
boundary of the Sierra Nevada bioregion. The rectangle in the bottom right is the scale bar, 
where the horizontal length is equivalent to 140 km. Note that the color ramp intervals for 
change in severe fire are not all equal.

Figure 3. Sierra Nevada-wide site occupancy trajectories for each treatment scenario relative to the baseline no-treatment scenario (dark blue line).  
(a) Occupancy when treatments are excluded from owl territories; (b–d) occupancy when treatment occurs within owl territories but assumptions about
the extent to which treatments alter owl habitat vary (no habitat alteration, weak habitat alteration, strong habitat alteration; see WebPanel 1). Trajectories
represent means across 50,000 simulations. For full uncertainty across stochastic replicates, see WebFigure 4.
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of treatment are less negative or are positive 
(Figure 4).

Landscape fuel treatments will never stop a 
fire but they can change how fires burn, 
thereby mediating fire-related tree mortality 
and resulting effects to species and ecosystems. 
Both model simulations (eg Collins et al. 2011; 
Tempel et al. 2015) and empirical studies (eg 
Safford et al. 2012; Tubbesing et al. 2019) have 
suggested landscape fuel treatments are effec-
tive in altering fire behavior and can greatly 
reduce severe fire activity in seasonally dry 
forests. In accordance with these findings, our 
results suggest that returning forest conditions 
to within the historical range of variability 
reduces expected high-severity burned area at 
a bioregional scale (Figure 2; WebFigure 2). 
Although this was an expectation for fuel-
limited seasonally dry forest ecosystems, con-
cern exists that fuels management may be 
inadequate to modify severe wildfire in a 
changing climate when extreme fire condi-
tions become more common on an annual 
basis (Schoennagel et al. 2017). Indeed, we 
observed some degree of increase in severe fire 
activity under all treatment scenarios with cli-
mate warming (eg WebFigure 3). However, as 
more of the landscape was treated, expected 
future severe fire extent was reduced (Figure 2) 
even in years with extreme fire weather, an 
effect that was particularly notable when larger 
proportions of landscapes were treated (eg 
>40%; WebFigure 3). At high levels of treat-
ment extent, expected increases in severe fire
activity were completely offset by expected
reductions in severe fire due to treatment in
some areas (Figures 2 and 4), although real 
changes could be much larger or smaller 
because of prediction uncertainty (WebFigure 2). These results 
suggested that large-scale forest restoration efforts have the 
potential to meaningfully alter severe fire activity and reduce 
fire-related risk to spotted owls in a changing climate.

Although our model offers a robust starting point for fore-
casting wildfire and population dynamics across this large 
bioregion, we made simplifying assumptions to make our 
model tractable. We assumed stationarity in fire–climate rela-
tionships over the forward simulation period, which may 
become less likely further into the future (Parks et al. 2016; 
Littell et al. 2018). Vegetation (ie fuels) within our models were 
static, and treatments were introduced once at the beginning of 
forward simulations and assumed to be maintained when in 
reality treatments would take decades to implement and main-
tenance would be variable. As such, effects of treatments to 
owls via direct habitat alteration only occurred once, whereas 
maintenance of treated areas could result in recurring effects. 

We also assumed that treatment applications varying in their 
direct effects to owl habitat (eg Figure 3, b–d) would all be 
equally effective at altering fire behavior, which is unlikely; in 
addition, we only considered how the expected changes in for-
est structure resulting from treatment interacted with our 
models, not potential effects of the treatment method itself (eg 
prescribed burning, hand-removal of small trees, thinning 
and/or logging of medium-sized trees). Finally, treatments 
were simulated randomly across the landscape because the 
fine-scale spatial patterning would not influence our statistical 
fire model, but strategic placement in areas with high baseline 
fire risk can make treatments more effective at lower treatment 
extents in the real world (McGarigal et al. 2018; Tubbesing 
et al. 2019).

Forest restoration currently occurs below desired levels 
because of legal, administrative, and financial constraints 
(Collins et al. 2010; North et al. 2015a). Increasing the pace and 

Figure 4. Spatial variation in effects of the location and extent of fuel treatments on spotted 
owl site occupancy by mid-century (2064). (a) Expected mid-century site occupancy under a 
no-treatment scenario; (b) difference in occupancy when treatments are implemented but are 
excluded from owl territories at varying levels of treatment extent (increasing from left to 
right); (c, d) difference in occupancy when treatment occurs within owl territories but assump-
tions about the extent to which treatments alter owl habitat vary (see WebFigure 4 for “weak 
habitat alteration”). Values represent the average across 50,000 simulations (WebPanel 1). The 
polygon outlined in black depicts the boundary of the Sierra Nevada bioregion. The rectangle in 
the bottom right is the scale bar, where the horizontal length is equivalent to 140 km. Note that 
the color ramp intervals for change in occupancy are not all equal.
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scale of restoration to levels that will alter fire activity at the 
bioregional scale (Figure 2) will require greater funding, more 
effective integration of silvicultural approaches with pre-
scribed and managed fire to increase treatment extent at the 
landscape scale (North et al. 2012, 2021; York et al. 2021), and a 
recognition that while short-term costs may be high, they will 
be eclipsed by future costs under the status quo (North et al. 
2015b). Over the past several decades, treatments have some-
times been implemented within portions of owl territories 
(~300–600 ha), but generally not within the “core” areas of the 
territory corresponding to management units called “protected 
activity centers” (PACs; ~121 ha). Our study treated the entire 
territory as the management unit (including the smaller PAC) 
and therefore we did not estimate potential effects of treat-
ments at the PAC scale alone. Previous syntheses have recom-
mended lower-intensity fuel treatments at the scale of the 
activity center (nest, roost) to reduce potential habitat-related 
negative effects to owls (Peery et al. 2017). Our results suggest 
that implementing treatments within owl territories could 
have an outsized effect on reducing future severe fire activity in 
the Sierra Nevada compared to treating the same area outside 
of owl territories (Figure 2).

Dry forest ecosystems, like those in the Sierra Nevada, face 
an increased probability of disturbance-initiated transition to 
non-forest landscapes without active management to restore 
ecologically appropriate forest conditions and reduce accumu-
lated fuels (Stephens et al. 2020). Broadening forest restoration 
efforts in dry forests has the potential to enhance forest resil-
ience and reduce risk of severe fire that negatively impacts 
forests, carbon storage, water supply, air quality, and local com-
munities as the climate changes (Wood and Jones 2019; 
Stephens et al. 2020). As a complement to previous mechanistic 
work that examined forest restoration trade-offs at smaller 
spatial scales (Scheller et al. 2011; Tempel et al. 2015), our work 
suggests bioregional-scale forest restoration appears to be 
largely compatible with conservation of old-forest-dependent 
wildlife species.

Fire-suppressed forests that are well outside their histori-
cal range of variability are prone to severe fire and are also 
preferred by many forest-dependent wildlife species. 
Treatments within these forests are likely to reduce severe 
fire extent and therefore provide greater long-term benefits 
to species like the spotted owl. Treatments that increase 
landscape-scale heterogeneity are likely to provide shorter-
term benefits as well by promoting habitat for key prey spe-
cies (Hobart et al. 2019; Kramer et al. 2021). Additional 
targeted research that narrows uncertainties about the 
effects of different types of treatments (eg hand removal, 
pre-commercial thinning, prescribed fire) on species habitat 
will be needed to better inform planning. However, to mini-
mize the effects of fuel reduction and forest restoration on 
spotted owls and other old-forest species, including the 
fisher (Pekania pennanti), northern goshawk (Accipiter gen-
tilis), and American marten (Martes americana), it is essen-
tial that large, old trees and core nesting/roosting areas 

within territories be maintained (Jones et al. 2018). When 
large, old trees are maintained and recruited, fuel reduction 
and forest restoration in the Sierra Nevada can benefit both 
old-forest species, forest ecosystem resilience, and people in 
a changing climate.
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