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Abstract: Fuel treatment effectiveness and non-treatment risks can be estimated from the probability of fire occurrence. 

Using extensive fire records for western US Forest Service lands, we estimate fuel treatments have a mean probability of 

2.0-7.9% of encountering moderate- or high-severity fire during an assumed 20-year period of reduced fuels. 

INTRODUCTION 

 Fuel treatments to reduce fire impacts have been pro-
moted as a public forest restoration priority by policy [1] and 
the Healthy Forests Restoration Act of 2003. It is difficult to 
generalize about the effectiveness of fuel treatments under 
all conditions [2, 3], but treatments are not universally effec-
tive when fire affects treated areas [4]. Factors influencing 
effectiveness include forest type, fire weather [4], and treat-
ment method [5]. 

 However, treatments cannot reduce fire severity and con-
sequent impacts, if fire does not affect treated areas while 
fuels are reduced. Fuels rebound after treatment, eventually 
negating treatment effects [3, 6]. Therefore, the necessary, 
but not sufficient, condition for fuel treatment effectiveness 
is that a fire affects a treated area while the fuels that con-
tribute to high-severity fire have been reduced. Thus, fire 
occurrence within the window of effective fuel reduction 
exerts an overarching control on the probability of fuel 
treatment effectiveness. The probability of this confluence of 
events can be estimated from fire records. Although this 
probability has not been rigorously analyzed, it has often 
been assumed to be high [7]. 

 The probability of future fire occurrence also abets as-
sessing the ecological risks incurred if fuels are not treated. 
Therefore, analysis of the likelihood of fire is central to es-
timating likely risks, costs and benefits incurred with the 
treatment or non-treatment of fuels. 

 Assessing fire occurrence and its effect on fuel treatment 
effectiveness also has merit because treatments can incur 
ecological costs, including negative impacts on aquatic sys-
tems [8], soils [7], and invasion by non-native plants [9, 10]. 
Here, we use watershed and aquatic systems as a specific 
context for evaluating tradeoffs involved with treatment and 
non-treatment of fuels on western public lands. However, the 
analysis applies to upland ecosystems as well. 

 The effects of fire on watersheds and native fish vary 
with several biophysical factors, including watershed and  
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habitat conditions, the condition of affected populations, and 
fire severity and extent [11]. If treatments reduce the water-
shed impacts of severe fire, they may provide benefits that 
outweigh treatment impacts because high-severity fire can 
sometimes trigger short-term, severe erosion and runoff [12] 
that can negatively affect soils, water quality, and aquatic 
populations. However, fuel treatments can also have impacts 
on aquatic systems. The magnitude and persistence of these 
treatment impacts vary with treatment methods, location, 
extent and frequency. 

 Although some fuel-treatment methods could have lower 
impacts, ground-based mechanical treatments are often em-
ployed because other methods generate activity fuels [7] and 
are more costly. Ground-based methods and associated ma-
chine piling, burning of activity fuels, construction and in-
creased use of roads and landings can increase soil erosion, 
compact soils, and elevate surface runoff [8, 13, 14]. Al-
though the effects of prescribed fire on watersheds are typi-
cally limited and fleeting, it can increase soil erosion and 
sediment delivery, sometimes significantly and persistently 
[15], especially if fires escape and burn larger and more se-
verely than planned. 

 When impacts are extensive, proximate to streams, or in 
terrain with erosion hazards, treatments can increase runoff 
and sediment delivery to streams. Road activities that in-
crease sediment production, such as elevated road traffic, of-
ten affect stream crossings where sediment delivery is typi-
cally efficient and difficult to control [16]. Elevated sedi-
ment delivery to streams contributes to water quality degra-
dation that impairs aquatic ecosystems [17]. 

 The extent and frequency of treatments may be signifi-
cant. Stephens and Ruth [18] suggested treating fuels on 9.4 
million ha, or ~53% of USFS lands in the Pacific Northwest 
and California. Agee and Skinner [7] suggested repeating 
treatments every 10-20 years, due to transient effects on fu-
els. 

 Repeated treatments increase the potential for cumulative 
effects on aquatic ecosystems due to the persistence and ad-
ditive nature of watershed impacts over time [19] and may 
increase the establishment of non-native plants [9]. The 
chronic watershed impacts from repeated treatments may be 
more deleterious to native fish than pulsed disturbances from 
wildfires [8]. 
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 Additional degradation of aquatic habitats on public 
lands may hamper efforts to protect and restore aquatic bio-
diversity. These habitats are increasingly important as cor-
nerstones for restoring aquatic ecosystems and native fish 
[14]. 

 Where fuel treatments might incur soil and watershed 
impacts, the risks from treatment and non-treatment should 
be assessed [7]. Although the respective impacts of treat-
ments and fire are influenced by numerous factors, the oc-
currence of fire strongly affects the net balance between 
costs and benefits. If fire does not affect treated areas while 
fuels are reduced, treatment impacts on watersheds are not 
counterbalanced by benefits from reduction in fire impacts. 

 We provide a framework for quantitatively bounding the 
potential effectiveness of fuel treatments and the likelihood 
of fire affecting untreated watersheds, based on the probabil-
ity of fire and the duration of treatment effects on fuels. This 
can be used to help statistically estimate the expected value 
associated with treatments or non-treatment based on the 
probability of possible outcomes and their associated costs 
and benefits [20]. Previous assessments of watershed trade-
offs from treatment and non-treatment [21, 22] did not in-
clude these in quantifying risk to aquatic systems associated 
with treatment versus non-treatment of fuels. 

 We use geographically-explicit data on fire on public 
lands in the western US to estimate, at a broad-scale, the 
probability that fuel treatments will be affected by fire dur-
ing the period when fuels have been reduced. We also esti-
mate the risk of higher severity fire occurring in watersheds 
if fuel treatments are foregone. These estimates provide a 
broad-scale bounding of treatment effectiveness and poten-
tial return from the fiscal and environmental costs of fuel 
treatments. 

METHODS 

The Analytical Model 

 Our analysis is based on the simple conceptual frame-
work that unless fire occurs while fuels are reduced, fuel 
treatments cannot affect fire severity. We examine the prob-
ability of discrete classes of fire severity because fire im-
pacts on watersheds vary with severity [11]. For instance, 
lower-severity fire has minimal, transient watershed impacts 
[11]. 

 Future fire occurrence in specific locations cannot be 
predicted with certainty, but its probability can be estimated 
from empirical data. The probability of fire of a particular 
severity affecting treated areas can be estimated using the 
standard formula for the probability of an event occurring 
during a specific time frame: 

q = 1 - (1 - p)
n
            (1) 

where q is the probability that a fire that would be of a spe-
cific severity in the absence of treatment occurs within n 
years, p is the annual probability of fire of a specific severity 
at the treatment location, and n is the duration, in years, that 
treatments decrease fuels and can reduce fire severity. In 
Equation 1, q provides an estimate of the mean fraction of an 
analysis area likely to burn at a specific severity within a 
given time frame in the absence of fuel treatments, which 
also represents the upper bound of potential effectiveness of 

treatments in reducing fire, since treatments cannot lower 
fire severity unless a fire occurs. 

 Both n and p can be estimated from available data. The 
duration of post-treatment fuel reduction, n, likely varies 
regionally with factors affecting vegetation re-growth rates, 
but fuels in western U.S. forests generally return to pre-
treatment levels in 10-20 years [3, 7]. To estimate the upper 
limit of treatment effectiveness, we assume n = 20 years. We 
estimated the annual probability of fire of various severities, 
p, for each analysis area based on standard methods [23]: 

p = (F*r)/(A*D)             (2) 

where p is the annual probability of fire of a specific sever-
ity, F is total area burned at any severity within the analysis 
area over the duration of the data record, r is the estimated 
fraction of F that burned at the specified severity over the 
analysis area, A is the total analysis area, and D is the total 
duration of the data record, in years. 

 We based our estimates of the annual probability of fire 
on post-1960 fire records rather than reported natural fire 
return intervals for two primary reasons. First, evidence indi-
cates that natural fire regimes no longer operate in many 
forests, because of direct fire suppression and indirect 
changes in fuels from livestock grazing, logging and fire 
exclusion [24]. Annual burned area has also increased in 
some forest types, likely due to climatic warming [25]. Re-
cent fire data ostensibly integrate these alterations, reflecting 
how fires are likely to burn in the near future under current 
conditions and management. Natural fire return intervals do 
not capture these alterations. Second, there is considerable 
uncertainty regarding the accuracy of reported natural fire 
intervals [23, 24]. However, we stress that our approach can 
easily accommodate alternate estimates of annual fire prob-
ability using more geographically-refined data or where 
management changes might alter future fire probability. 

 We confined analysis to USFS lands in 11 western states, 
the focus for most proposed fuel treatments on public lands. 
The probability of fire varies geographically with several 
factors, including weather, ignition, fuels, and forest types. 
To bracket this effect, we estimated the annual probability of 
high-severity fire, p, for (i) all landcover types and (ii) more 
frequently burning ponderosa pine (Pinus ponderosa) forests 
at the scale of U.S. Forest Service (USFS) administrative 
regions that are the finest scale at which extensive data allow 
estimation of fire severity. We focus on high-severity fire, 
but also analyze fires of broader severity, including (1) either 
high- or moderate severity and (2) any severity. 

 Our estimates represent an initial, broad-scale first ap-
proximation of the potential of fire to affect areas within a 
given time frame, based on the assumption that fire and 
treatments are random. Although fire is not random, data are 
insufficient to accurately quantify more local patterns. Our 
approach provides a valid mean result at our scale of analy-
sis, based on data from more than 40,000 fires across the 
western U.S. Site-specific data could be used in future, local 
studies where the probability of fire is known to depart con-
siderably from the regional mean. Ideally, fuel treatments 
may not be randomly located, but instead focused in areas 
where fire is most likely. However, this is not assured by 
current policy [26]. Widely used methods for assessing the 
risk of high-severity fire may have limited accuracy [27]. 
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Therefore, our analysis assumes random treatment location, 
as a first approximation. 

West-Wide Analysis 

 To provide a broad-scale perspective of potential fuel 
treatment efficacy, we estimated mean annual probability, p, 
of fire for all USFS lands in the 11 western U.S. states, ex-
cluding Alaska, for the entire duration that data on total an-
nual fire area are available (1960-2006). Data on fire area 
from 1993-2003, reported by agency ownership [28], were 
used to estimate mean annual fraction of total fire area on 
USFS lands, which was extrapolated to estimate mean an-
nual fire area on USFS lands from 1960-1993 and 2004-
2006, for which fire area data were reported [29], but not by 
agency ownership. Annual fire area on USFS lands in the 11 
western states was assumed proportional to the fraction of 
total USFS area in these states. Total number of fires on 
western USFS lands from 1960-2006 is not reported, but 
based on the foregoing areal partitioning, the fire area data 
are from several hundred thousand fires on western USFS 
lands. The estimated annual fire area on these western USFS 
lands from 1960-2006 was summed to yield F in Equation 2. 

 The fraction of total fire area, r, that burned at high se-
verity and high-moderate severity was estimated from data in 
USFS burned area emergency rehabilitation reports (BAER) 
for 470 fires in the 11 western states from 1973-1998 in six 
western USFS regions [30]. 

Regional Analysis of Fire in Ponderosa Pine 

 Because ponderosa pine forests are a key forest with 
more frequent fire, we estimated the mean annual probability 
of fire by severity in these forests on USFS lands: 1) on a 
regional basis, in six western USFS regions; and 2) West-
wide. We used geographical information system (GIS) data 
for 40,389 fires in these forests for the entire period of data 
availability, 1980-2003 (Fig. 1). Data were in a GIS point 
dataset, containing burned area for each fire, maintained by 
the Bureau of Land Management [31] and derived from a 
systematic National database [32]. We quality controlled 
these data for our study area, removing a few duplicate re-
cords. 

 A GIS map of ponderosa pine forests was obtained by 
selecting codes 5-7 (ponderosa pine) in the Westgap map 
from the GAP program, which includes national vegetation 
mapping from satellite imagery [33]. A GIS map of U.S. 
Forest Service regions is from the agency [34]. We con-
verted all maps to Albers projection, Clarke 1866 datum, 
then used these to extract all fire records (n = 40,389) for 
ponderosa pine forests on USFS land in the 11 western 
states. We used USFS maps to subset fires by region, and 
then: (i) areas of individual fires were summed to yield F in 
Equation 2; (ii) the GIS was used to obtain A, and (iii) fire 
severity data by USFS region from 1973-1998 [30] were 
used to estimate r by severity. 

RESULTS AND DISCUSSION 

West-Wide Analysis 

 For the period 1960-2006, an estimated mean of 
~220,000 ha, or a decimal fraction of 0.0037 of USFS west-
ern lands burned annually at any severity. Despite the ap-
proximations involved, our estimate of the mean annual frac-

tion of areas burning at any severity compares reasonably 
with independent estimates by falling between them. Fire of 
any severity annually burned a mean fraction of ~0.0014 of 
the Deschutes National Forest in Oregon, from 1910-2001 
[35], and ~0.0046 of 11 national forests in the Sierra Nevada, 
California, based on data from 1970-2003 [36]. 

 Together with fire severity data [30], our West-wide es-
timate yields an estimated mean annual probability, p, of 
0.001 and 0.002 for high- and high-moderate severity fire, 
respectively (Table 1). Based on these estimates of p, Equa-
tion 1 yields a probability, q, of 0.020 and 0.042, respec-
tively, for high- and high-moderate-severity fire. Substituting 
space for time, our results indicate that, on average, ap-
proximately 2.0 to 4.2% of areas treated to reduce fuels are 
likely to encounter fires that would otherwise be high or 
high-moderate severity without treatment. In the remaining 
95.8-98.0% of treated areas, potentially adverse treatment 
effects on watersheds are not counterbalanced by benefits 
from reduced fire severity. These results also provide an es-
timate of the likelihood of high-severity fire affecting for-
ests, if fuels are untreated. On average, over a 20-year pe-
riod, about 2.0-4.2% of untreated areas would be expected to 
burn at high or high-moderate severity, respectively. 

 Using Equation 1, our results indicate that if treatments 
were repeated every 20 years across all USFS lands in the 
West, it would take about 720 years (36 cycles of treat-
ments), on average, before it is expected that high-severity 
fire affects slightly more than 50% of treated areas while 
fuels are reduced. Treatments would have to be repeated at 
20-year intervals for 340 years (17 cycles of treatments) be-
fore high-moderate severity fire is expected to encounter 
more than 50% of treated areas. Even after this duration of 
repeated treatments, it is likely that almost 50% of treated 
areas will be cumulatively affected by repeated treatments 
without compensatory benefits from reduced fire severity. 

 These West-wide estimates provide perspective, but in-
clude forest types, such as subalpine forests, typified by low-
frequency, high-severity fire, where fuel treatments are un-
likely to encounter fire [4]. Other forests, such as ponderosa 
pine, burn more often. 

Regional Analysis of Ponderosa Pine 

 For ponderosa pine forests, the probability, q, of treated 
areas being affected within their window of effectiveness 
varies regionally from 0.020 to 0.040 for high-severity fires 
and from 0.042 to 0.079 for high-moderate severity fires 
(Table 1). As expected, q in these forests is higher than for 
the West-wide analysis of all cover types. The highest prob-
abilities, as expected, are in the Southwest and in the North-
ern Rockies, with its dry summers (Table 1). 

 In these forests with more frequent fire, it is likely that 
fuel treatments can potentially reduce fire severity on a small 
fraction of treated areas. The results (Table 1) indicate that in 
92.1-98.0% of treated areas, fuel treatment impacts on water-
shed processes are not likely to be counterbalanced by a re-
duction in higher-severity fire. 

 Across the six regions, treatments would have to be re-
peated every 20 years for 340 to 700 years (17 to 35 times), 
on average, before it is expected that high-severity fire af-
fects more than 50% of treated areas during periods of treat-
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ment effectiveness. Treatments would have to be repeated 
for 180 to 340 years (9 to 17 times) before more than 50% of 
treated areas are expected to be affected by high-moderate 
severity fire. On average, these repeated treatments would 
affect watersheds and, potentially aquatic systems, depend-
ing on treatment practices, without providing reduction in 
fire severity on almost 50% of treated area. 

 An alternative method for estimating the risk of fire in 
the absence of fuel treatments is to use the fire rotation rather 
than mean annual probability of fire. The fire rotation indi-
cates how long it takes, on average, for a particular area to 
burn one time and how often fire may return to a particular 
point in the landscape [23]. The fire rotation is calculated by: 

B =1/p              (3) 

 

Fig. (1). Ponderosa pine forest fires (n = 40,389) in the western United States from 1980-2003. This is the dataset used in the regional analysis. 
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where B is the fire rotation for fire of a specific severity and 
p is, again, the mean annual probability of fire of a specific 
severity. 

 Based on our analysis, the mean annual probability, p, of 
high-severity fire in ponderosa pine forests West-wide is 
0.0015 (Table 1), implying a fire rotation, B of about 667 
years, varying from 500 to 1,000 years among individual 
regions. Based on the results in Table 1, the fire rotation for 
high-moderate severity fire is about 323 years in ponderosa 
pine forests West-wide, varying from 244 to 454 years in 
individual regions, based on data in Table 1. These results 
suggest that western ponderosa pine forests are not currently 
being rapidly burned by high or high-moderate severity fire, 
counter to other previous work [37]. 

Relaxing the Assumptions and Some Caveats 

 In some cases, the occurrence of fire of any severity may 
be of interest. Such cases include areas where fire of any 
severity might lead to high-severity fire. In ponderosa pine 
forests, the probability of fire of any severity encountering 
treatments within 20 years is approximately 7.15-16.5% 
across the six regions (Table 1). Thus, if it is assumed that 
fuel treatments that encounter fire of any severity might be 
effective, the results indicate fuel treatments, on average, 
would not have the potential to reduce fire impacts on 
aquatic systems in 83.5-92.8% of the area treated. Based on 
Equation 1 and Table 1, treatments would have be repeated 
every 20 years for 80-200 years, on average, before fire of 
any severity affects more than 50% of the treated areas in 
ponderosa forests in these USFS administrative regions. 

 However, the assumption that treatments that encounter 
low-severity fire convey benefits may not be warranted. 
Low-severity fires are commonly and easily extinguished 
under current management whether or not they encounter 
fuel treatments. Further, low-severity fire has minimal ad-
verse impacts on watershed processes while conveying bene-
fits, including maintenance of forest structure and fuel levels. 

 Our probabilistic approach does not explicitly address 
factors that can strongly influence fire area and severity, 
such as fuel conditions. Although spatially-explicit modeling 
of fire behavior can directly investigate the effects of such 
conditions, such models are unlikely to provide accurate 

estimates of the probability of occurrence of fire of a given 
severity because a host of other factors that influence fire 
area and severity cannot be deterministically predicted, in-
cluding the frequency and location of ignitions and weather 
conditions during fire. Methods of assessing the risk of high-
severity fire that are primarily based on fuel conditions have 
been shown to be an ineffective predictor of the actual sever-
ity at which fires burn [38]. In contrast, extensive recent data 
from numerous fires, as used in our analysis, does provide a 
robust estimate of the mean probability of the occurrence of 
fire of a given severity, because it integrates the many factors 
that influence fire occurrence and severity. 

 Our estimates likely represent the upper bound for fuel 
treatment effectiveness at the scale of analysis. In many 
cases, less than 4.16-7.86% of treated area is likely to expe-
rience high-moderate severity fire during the duration of 
treatment effectiveness, because q decreases with decreases 
in n, the duration of treatment effectiveness. This duration is 
often less than the 20 years assumed in our analysis. In the 
Sierra Nevada of California, fuels returned to pre-treatment 
levels within 11 years [39]. At the values of p in Table 1, 
reducing n from 20 to 11 years (Eq. 1) reduces the probabil-
ity that higher-severity fire affects treatments by ~45%. 

 Moreover, fuel levels rebound after treatment, eventually 
negating potential treatment effectiveness. If the reduction in 
effectiveness over time is such that mean effectiveness over 
the duration, n, is half the initial degree of effectiveness, the 
probability that fuel treatments reduce high-severity fire is 
approximately half the value of q for any value of p and n 
calculated using Equation 1. 

 Finally, available data indicate that fuel treatments do not 
always reduce fire severity when fire affects treated areas 
while fuels are reduced [4]. Our analysis does not address 
these effectiveness issues. For these combined reasons, 
Equation 1 likely estimates the upper bound of potential fuel 
treatment effectiveness in reducing fire impacts on aquatic 
systems. 

 Although our analysis focuses on higher-severity fire in 
bounding the effectiveness of fuel treatments and their net 
watershed effects, these fires do not have solely negative 
effects. Higher-severity fire benefits watersheds and aquatic 

Table 1. Estimated p and q for Fires in Ponderosa Pine (PIPO) Forests. Data are Shown for Three Fire Severity Classes by USFS 

Region, and for All Forests on USFS Lands West-Wide 

 

Any Severity High-Moderate Severity High Severity 
USFS Region  

p q p q p q 

1 N. Rockies 0.0070 0.1311 0.0036 0.0693 0.0020 0.0402 

2 C&S Rockies 0.0059 0.1116 0.0041 0.0786 0.0014 0.0269 

3 SW 0.0053 0.1008 0.0025 0.0487 0.0016 0.0307 

4 Gt. Basin 0.0090 0.1654 0.0037 0.0715 0.0013 0.0257 

5 Calif. 0.0046 0.0881 0.0031 0.0603 0.0017 0.0338 

6 NW 0.0037 0.0715 0.0022 0.0421 0.0010 0.0198 

West-wide: PIPO 0.0054 0.1026 0.0031 0.0602 0.0015 0.0295 

West-wide: All 
types 

0.0037 0.0715 0.0021 0.0416 0.0010 0.0203 
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ecosystems in several ways, including providing a bonanza 
of recruitment of large wood and pulsed sediment supply 
that can rejuvenate aquatic habitats and increase their pro-
ductivity [8, 14]. High severity fire is also a key process for 
the restoration of structural heterogeneity in forests, which is 
important for biodiversity [27, 40]. 

 Our analysis intrinsically assumes some degree of cli-
matic stationarity, which may not be warranted. Climatic 
variability influences the area annually burned in forests [25, 
41]. However, the relatively recent fire data used in our re-
gional analysis incorporates recent climatic fluctuation and 
possibly directional change, which would not be reflected in 
estimates based on natural fire return intervals. For instance, 
the data in our analysis of ponderosa pine forests come pri-
marily from years in which annual fire area had increased 
due to climatic warming [25]. However, the analysis frame-
work is flexible enough to accommodate projected values of 
the mean annual probability of fire, p, based on forecasts of 
climatic change or changes in fire management. 

 Current findings suggest treatment effects on fire severity 
are mostly confined to treated areas [3], but theory suggests 
a dense network of treatments might slow fire spread and 
reduce intensity, yielding a landscape-scale effect on fire 
severity [42]. However, empirical evidence of severity re-
duction was seen in the lee of only three of several dozen 
treatments in two Arizona wildfires [43]. Nonetheless, if 
dense treatment networks are shown to work in the future, 
our approach can aid in estimating their costs and benefits, 
because fire must still affect treated areas while fuels are 
reduced for networks to reduce fire severity. 

CONCLUSIONS 

 Our analysis provides West-wide and regional first ap-
proximation of the likely upper bound of fuel treatment ef-
fectiveness. While valid at these two scales, they are not ap-
plicable to all smaller analysis areas, due to spatial variation 
in annual fire probability. However, the framework is flexi-
ble enough to allow more spatially explicit analyses of q 
where local estimates of n and p are available. The frame-
work allows analysis of uncertainty, by using a range of 
plausible values for n and p. The analysis can also estimate 
the number of treatments to reach a specified q, abetting es-
timation of cumulative effects on ecosystems from repeated 
treatments. 

 Our approach also provides a method for quantitatively 
assessing the imminence of high-severity fire effects in the 
absence of fuel treatments and the degree of urgency of re-
sponse. Based on available data, these are shown to be much 
lower than previously estimated in some work [37]. 

 Our results and analyses can improve the assessment of 
risks to watersheds inherent in the treatment or non-
treatment of forest fuels, because it accounts for the prob-
ability of fire and the transient nature of fuel treatments. For 
instance, previous work [22], evaluating treatment and non-
treatment impacts, assessed the risks associated with fuel 
treatments based on the assumption that a single treatment 
significantly reduces fire risk on all treated areas, subse-
quently reducing consequent watershed impacts from fire. 
Other evaluations of these tradeoffs [21] compared the  
 

erosional effects of fuel treatments with high-severity fire 
under the explicit assumption that high-severity fire was in-
evitable without treatment and the implicit assumption that 
treatments always reduce or eliminate the potential for high-
severity fire. Our analysis indicates that these assumptions 
are unwarranted and likely mischaracterize the outcomes and 
associated impacts of treatment options. 

 The approach can be extended to aid in assessing the risk 
to other ecosystem elements and processes that may be ad-
versely affected by either fuel treatments or high-severity 
fire. For instance, non-native vegetation can be influenced by 
high fire severity [44] and some fuel treatments [10], espe-
cially if the treatments are repeated [9]. 

 Even in ponderosa pine forests that burn relatively fre-
quently, our regional analysis indicates that after 17 cycles of 
treatments, only slightly more than 50% of treated areas 
could potentially have fire severity reduced, on average. Our 
results indicate that high-severity fire is far from inevitable 
in areas left untreated and is, instead, expected to affect only 
a relatively small fraction of such areas at the broad scale of 
our analysis. Factoring in the probability of fire, using our 
framework, can significantly improve the assessments of the 
risks posed to aquatic systems by treating or not treating for-
est fuels. Where site-specific data on fire probabilities exist, 
the framework can be used to help locate treatments where 
they are most likely to encounter higher severity fire, in-
creasing the likelihood of treatment benefits. In fact, our 
results indicate that such efforts are crucial. 

 There are several important factors that influence the 
aquatic tradeoffs among fuel treatments, fire, and aquatic 
systems that our framework does not address. Although the 
probability of outcomes is critical to assessing the expected 
value of options, the ecological costs of the outcomes of 
treatment vs non-treatment are also important in assessing 
the expected value of these options. With respect to the 
aquatic context, there is an ongoing need to fully evaluate 
tradeoffs such as the severity and persistence of the negative 
and positive impacts on watersheds and aquatic populations 
from fuel treatments and higher severity fire [8, 45]. An ad-
ditional related issue is how effective treatments are when 
they encounter fire under a broad array of conditions affect-
ing fire behavior [3]. While our analysis does not address 
these factors, it refines evaluation of net impacts of fuel 
treatment vs non-treatment by providing a framework for 
estimating the likelihood of fire occurrence in a given time 
frame. 

 At the scales of our analysis, results indicate that even if 
fuel treatments were very effective when encountering fire of 
any severity, treatments will rarely encounter fire, and thus 
are unlikely to substantially reduce effects of high-severity 
fire. 
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