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1. Introduction

Wildfires are becoming major concerns across the western US because, over the last 20 years, they
have increased in frequency, intensity and size in many areas (Westerling 2016). The successful US
fire suppression program over the last century has kept fire out of many fire-prone forests resulting in
excessive buildups of wildland fuel, specifically surface and crown fuels, which has, in turn, increased
the potential wildfires (Keane et al. 2002, Flannigan et al. 2009). This suppression legacy has left US
fire management at a crossroads. Fire suppression costs are spiraling out of control, and if fire
suppression continues, even more biomass will accumulate to create conditions that will foster even
more intense fires than both their contemporary or historical counterparts (Van Wagtendonk 1985).
And to make matters worse, future climates in western North America are predicted to be hotter and
drier creating longer and more severe fire seasons (Flannigan et al. 2013, Abatzoglou and Williams
2016, Westerling 2016). Increasing fuels and warmer climates will mean firefighters will be asked to
fight more dangerous fires, putting themselves at even higher risks for injury and fatality (Withen
2015). The solution to this fire management dilemma may be extremely complex because it must
integrate comprehensive pro-active fuel treatment strategies (e.g., prescribed fire, mechanical cuttings)
with wildland fire use (WFU: controlled wildfires or letting some fires burn under prescribed
conditions) and wildfire suppression initial attack into a more effective fire management strategy
(Zimmerman and Bummell 1999). A first step towards developing an integrated strategy may be to
identify those critical thresholds of wildfire suppression efforts, primarily in initial attack, where fuels
and fire conditions, and associated ecosystem health and resilience, significantly differ from historical
conditions when no fires were suppressed, fire hazard was low, and ecosystems were most resilient.

In this study, we use landscape modeling implemented in a complex simulation experiment to create
the data for evaluating possible tipping points in wildfire management in the US northern Rocky
Mountains (NRM). Wildfire tipping points identified by our statistical techniques were then
summarized to develop a set of possible management targets for NRM landscapes. The tipping point
levels of fire suppression effort should provide fire managers insight into how many wildfires can be
initially attacked before there are major changes in the ecological characteristics of landscapes.

2. Methods

The FireBGCv2 landscape ecosystem model was used in a complex simulation experiment to
evaluate possible tipping points in wildfire management in the NRM (Keane et al. 2011). We used a
fully factorial simulation design where a set of four factors represented different levels of fire
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suppression effort, fuel treatments, climate, and landscape setting. The primary vector of evaluation
for this experiment was fire suppression level (FSL) where we simulated ten levels of increasing fire
suppression: 0% suppression (no fires suppressed; historical fire regime) to 90% suppression
(estimated level of current fire suppression) by 10% levels (e.g., 0, 10, 20, 30... 90% suppression).
Another factor was Landscape (LAN) with the three levels reflecting the three landscapes: (1) East
Fork Bitterroot River (EFBR) on the Bitterroot National Forest, Montana, USA is a 128,000 ha dry
mixed-conifer ecosystem with a mixed frequency and severity fire regime; (2) Crown of the Continent
(CROWN) is a 100,000 ha mesic mixed-conifer landscape with fire regimes of variable frequencies
and severities; and (3) the Yellowstone Central Plateau (YCP) in Yellowstone National Park: a high
elevation (>2300 m MSL) landscape with mostly infrequent stand-replacement fire regimes and
composed mostly of mature lodgepole pine. We evaluated gradients of fire suppression effort in the
context of two other factors. First, we evaluated if tipping points would be different if fuel treatments
were employed so we simulated four levels of fuel treatment effort (FTE): (1) no treatments, (2)
business as usual (BAU; 3% landscape treated per year), (3) fully funded fuels program (FF; 10%
landscape treated per year), and (4) no holds bar (NHB; treat everything that needs treatment). All
fuel treatments were a combination of cutting and removing all fire-sensitive, shade tolerant species
down to 4 cm DBH and implementing a low intensity prescribed burn (~400 kW m-1 fireline intensity).
We also looked at two climates (CLI) -a historical climate and a future climate (RCP8.5). Each level
for each of the four factors was simulated in a multifactorial design with ten replicates for a total of
1,800 simulations for each landscape. In this study, we assumed that landscapes are most resilient
when they are within HRV, even in the future. As a result, the base case for each landscape is no fire
suppression and no fuel treatments with historical climates that is the estimate of the historical range
and variability (HRV) of landscape dynamics. We output values for response variables every 10 years
to create a simulation time series of 25 observations for each simulation run. We analysed the time
series using ShewhartQCC plots for all seven response variables over the gradient of fire suppression
levels, but only show Shewhart QCC plots for a single variable (canopy bulk density; CBD) for both
climate scenarios (HIST, RCP8.5), but only two fuels treatment scenarios (None, NHB), for brevity.

3. Results and Discussion

We found that approximately 40-70% of wildfires can be suppressed leaving 30 to 60% of wildfires
to be managed as WFU fires, and we also found that a fuel treatment campaign (BAU, FF, NHB) can
allow 10 to 30% more fires to burn, depending on the intensity of the area treated each year (Figure
1). However, there are caveats to this finding. First, landscape setting greatly influences any potential
tipping point in fire suppression level. Landscapes with historically frequent fires, such as EFBR, tend
to have higher tipping points in fire suppression (>60%) than mixed, less frequent fire regimes, such
as the CROWN (>40%), and stand-replacement, infrequent fire regimes (no tipping point), such as the
YCP. This is a result of two interacting factors —fire frequency and simulation time. Landscapes with
frequent fires (EFBR) have many fires in the short simulation time, so a reduction in the number of
fires may not significantly impact landscape dynamics over the 200 years, but landscapes with long
fire return intervals (YCP) have only a few fires during the simulation, and a reduction in these few
fires may cause significant changes in landscape dynamics. Another caveat is that the variables used
to assess tipping points matter. In our analysis, we used a set of variables that were selected because
we thought they may be important to fire management. We found that each variable had its own
specific tipping point when using HRV as reference and when we collapsed all seven variables down
to two principal component axis (PC1 and PC2), we got an entirely new set of tipping points. A last
concern is climate. Tipping points using historical climates are quite different from those in the future,
because future climates will be hotter and drier than today. This brings up the question of whether
using HRYV for the baseline comparison is appropriate if future climates are significant different from
historical analogs. In this paper, we assumed that HRV is a good reference because it broadly
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represents those conditions under which most of the biota on the landscapes evolved and as such
provides an ecologically viable benchmark. The best way to implement findings from this effort is to
simulate both HRV and a set of future ranges of variation which represent new climates and
management alternatives and then search for overlaps between HRV and FRVS).
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Figure 1 - Shewhart QCCs for the variable canopy bulk density (kg m-3) for all three study areas (EFBR, CROWN
YCP) for both historical (hist) and future (RCP8.5) climate and for only two of the four fuel treatment scenarios
(none-no fuel treatments and NHB-no holds barred). Figures arranged by landscape, climate, and fuel treatment with
historical weather-no fuel treatment, historical weather-NHB, future weather-no treatments, future weather-NHB for
EFBR (A, B, C, D), CROWN (E, F, G, H), and YCP (I, J, K, L)
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