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Forests and woodlands in the central Rocky Mountains span broad gradients in climate, elevation, and
other environmental conditions, and therefore encompass a great diversity of species, ecosystem
productivities, and fire regimes. The objectives of this review are: (1) to characterize the likely short-
and longer-term effects of projected climate changes on fuel dynamics and fire regimes for four generalized
forest types in the Rocky Mountain region; (2) to review how these changes are likely to affect carbon
sequestration, water resources, air quality, and biodiversity; and (3) to assess the suitability of four
different management alternatives to mitigate these effects and maintain forest ecosystem services.
Current climate projections indicate that temperatures will increase in every season; forecasts for
precipitation are less certain but suggest that the northern part of the region but not the southern part will
experience higher annual precipitation. The increase in temperatures will result in a greater proportion of
winter precipitation falling as rain, earlier spring snowmelt, and a consequential increase in the length and
severity of fire seasons. Fire frequency is likely to increase in the short term in all areas because of the
warmer, longer, and drier fire seasons, but this change is likely to lead to a longer-term reduction in
vegetation productivity in some of the most moisture-limited forest types, such as pifion-juniper and lower
montane. This will decrease fuel accumulation rates and consequently reduce fire risk and result in longer
fire return intervals. We consider four main management alternatives: fire suppression, wildfire (no
intervention), prescribed fire, and mechanical thinning. The paper summarizes the effects of these
treatments on forest ecosystem services, showing that they vary widely by forest type. This broad-scale
assessment provides general guidance for forest managers and policy makers, and identifies more specific
research needs on how climate-driven changes in fuel production and forest conditions will affect impact
the four main forest ecosystems across the central Rocky Mountain region.

© 2014 Published by Elsevier B.V.
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1. Introduction

Forests and woodlands in the central Rocky Mountain region of
Montana, Idaho, Wyoming, Colorado, and Utah encompass a broad
diversity of species, ecosystem productivities, community struc-
tures, and fire regimes. As a consequence of this diversity, climate
change is likely to impact the region’s forested ecosystems in
varied and complex ways. The objectives of this review are: (1)
to characterize the likely short- and longer-term effects of pro-
jected climate changes on fuel dynamics and fire regimes for four
generalized forest types in the Rocky Mountain region; (2) to
review how these changes are likely to affect carbon sequestration,
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water resources, air quality, and biodiversity; and (3) to assess the
suitability of four different management alternatives to mitigate
these effects and maintain forest ecosystem services. In the first
section, we describe the general patterns of species composition,
community structure, fire regimes, and land management legacies
for four broad forest types: pifion-juniper woodlands, lower
montane forests, upper montane forests, and subalpine forests.
We then provide a conceptual model relating fire regimes to
climate. Next, we summarize climate forecasts for the region and
use the conceptual model to project how fire regimes in the four
forest types are likely to change in both the short and long term,
as these two different time scales may show different trends.
Finally, we compare four management alternatives - fire suppres-
sion, wildfire (no intervention), prescribed fire, and mechanical
thinning - in terms of their costs and benefits for preserving or
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promoting carbon sequestration, water resources, air quality, and
biodiversity preservation under possible future climate changes.

The Rocky Mountain region encompasses a complex geologic
template with steep climatic and topographic gradients and
diverse soil substrates. Superimposed on this template are the leg-
acies driven by past climatic events, such as forest establishment
pulses and natural disturbances such as insect attacks and fire.
More recent legacy effects include land use change and land man-
agement practices, such as logging, grazing, and fire suppression.
Past fire management practices can greatly complicate efforts to
project ecosystem response to future climate and fire management
alternatives. For some forest types fire exclusion has caused pro-
found changes in forest composition, structure, type and amount
of fuel, and resulting fire behavior. Dendroecological studies have
provided abundant information on historical fire regimes, and
these have helped define the historic ranges of variability in distur-
bance processes and forest conditions before widespread impacts
due to Euro-American settlement. In many cases, forest structure
has been altered to the point where longer-term fire regimes are
no longer operable without major ecological restoration efforts
(Friederici, 2003).

Given the broad goals of this paper, we necessarily have to
group Rocky Mountain forests into four broadly defined forest
types: pifion-juniper woodlands, lower montane forests, upper
montane forests, and subalpine forests (Fig. 1). This classification
allows us to provide an overall characterization, context, and con-
trast that is useful for forest managers, decision makers, and the
public. By definition we cannot capture all of the spatial complex-
ity and temporal history of forest ecosystems across the Rocky
Mountain region (e.g. Rollins et al., 2002; Romme et al., 2009).
However, these four broad forest types capture much of the vari-
ability among forests and fire regimes in the region because of
the wide range of climatic conditions, forest structure, and forest
productivities represented by these four main forest types. It also
is important to recognize that a majority of the region is covered
by non-forest ecosystems (Fig. 1). Some of the information and
analysis in this report may apply to grasslands or shrublands adja-
cent to the forested ecosystems, but these ecosystems are not an
explicit focus of this review. Other less extensive forest types, such
as riparian forests, are not covered in this review, even though they
may be especially vulnerable to climate change and fire regimes.
The following sections describe and briefly outline the historical
and current conditions for each of these four forest types.

1.1. Pifion-juniper woodlands

Pifion-juniper woodlands cover extensive areas in the
southwestern US and Great Basin. Juniper woodlands without
pifion also are common in dry areas of southern and central
Wyoming. Pifion-juniper woodlands are characterized on the
Colorado Plateau of southern Utah and southern Colorado by two-
needle pifion (Pinus edulis) and Utah juniper (Juniperus osteosperma).
Farther west the dominant species change to single-needle pifion
(Pinus monophylla) and one-seed juniper (Juniperus monosperma),
and these species cover large areas in southwestern Utah and
certain mountain ranges in the basin-and-range province of
western Utah. Pifion-juniper woodlands are typically characterized
by relatively sparse, discontinuous understories of grasses,
herbaceous plants, and shrubs, particularly the various subspecies
of big sagebrush (Artemisia tridentata).

A recent review of pifion-juniper fire ecology and fire regimes
described three main types of pifion-juniper woodlands, which
reflect variations in soils, climate conditions, past disturbances,
and climate (Romme et al., 2009). Many of the pifion-juniper
woodlands in the central Rocky Mountain region are so-called
“persistent woodlands,” where soil and climate conditions are

most favorable for pifion-juniper establishment and growth
(Romme et al.,, 2009). In these persistent woodlands, canopies
may be open or closed, and understory vegetation is typically
sparse and discontinuous. Fires that burned across large areas were
historically infrequent (ca. 300-500 year intervals) due to lack of
surface fuels; these typically took the form of stand-replacing
crown fires (Floyd et al., 2000), and probably required strong winds
to burn across patchy fuelbeds. Rather than reflecting past fires,
tree demography was likely determined by legacies of droughts
and wet periods and, perhaps, on other disturbances such as bark
beetles (Romme et al., 2009; Heyerdahl et al., 2011).

1.2. Lower montane forests

Lower montane forests in the Rocky Mountains are dominated
by ponderosa pine (Pinus ponderosa). In the southern part of the
region in Colorado and southeastern Utah, lower montane forests
usually occur as either relatively pure stands of ponderosa pine
or ponderosa pine with some combination of species found in
lower-elevation pifion-juniper woodlands or higher-elevation
upper montane forests, especially Douglas-fir (Pseudotsuga menzie-
sii). Gambel oak (Quercus gambellii) also is a common understory
species across the southern lower montane zone. Lower montane
forests in Idaho and Montana consist of mostly ponderosa pine
or are co-dominated by Douglas-fir or western larch (Larix occiden-
talis). Historically, lower montane forests also were characterized
by diverse and productive understories, dominated by bunch
grasses, although in many areas, increased tree density and canopy
closure since fire exclusion has reduced the cover and diversity of
understory vegetation.

Prior to Euro-American settlement, fire scars document surface
fires every 3-30 years, depending on elevation, latitude, and envi-
ronmental conditions (e.g. Agee, 1993; Falk et al., 2011). Mature
ponderosa pine trees are well-adapted to surface fires, with thick
bark that protects growing tissues from girdling and high crowns
that lessen the possibility of crown scorch. Under the historical fire
regime, larger and older trees tended to survive most fires, whereas
seedlings and smaller saplings were usually killed. Crown fires
were mostly limited to small patches. These passive crown fires,
where fire spread was predominately through surface fuels, added
to landscape diversity by creating meadows and openings. The mix
of recurrent surface fires, passive crown fires, seedling and sapling
mortality, and occasional sapling survival resulted in a diverse
landscape mosaic of generally multi-aged, multi-sized, and mainly
low- to moderate-density open-canopy forests (Friederici, 2003;
Heyerdahl et al., 2011).

1.3. Upper montane forests

Upper montane forests in the Rocky Mountain region are cooler
and wetter, and typically include diverse mixes of several tree spe-
cies, although they also can be co-dominated by ponderosa pine
and Douglas-fir. Common species include firs (Abies sp.), aspen
(Populus tremuloides), and western hemlock (Tsuga heterophylla).
Understories in the upper montane can be quite diverse, ranging
from a near continuous mix of grasses, shrubs, and herbs to very
sparse cover under relatively dense closed forest canopies.

Fire regimes in the upper montane were historically very heter-
ogeneous (Agee, 1993; Grissino-Mayer et al., 2004; Schoennagel
et al., 2004; Sherriff and Veblen, 2008; Schoennagel et al., 2011).
Upper montane forests experienced a gradient from predominately
surface fires at lower elevations and in drier aspects to a mix of sur-
face fire, patchy crown fire, and large areas of active crown fire as
elevation and moisture increased. Fire frequency patterns followed
severity patterns, with high fire frequency and typically lower fire
severities near the transition to lower montane forests and
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Fig. 1. Distribution of the dominant tree species in the Rocky Mountain region. For simplicity these are grouped into four broadly defined forest types: pifion-juniper
woodlands, lower montane forests (primarily forests dominated by ponderosa pine), upper montane forests (primarily forests dominated by Douglas fir or diverse mixtures of
species), and subalpine forests (forests dominated by lodgepole pine, spruce, fir, western white pine, and some hardwoods such as aspen). Data are forest cover types from the

National Atlas (nationalatlas.gov).

decreasing fire frequency and increasing fire severity towards the
subalpine (Baker et al., 2007; Sherriff and Veblen, 2007). This vari-
ability in fire frequency and severity, in combination with the var-
iability in the physical environment, further contributed to highly
diverse landscapes, including woodlands with widely spaced trees,
dense closed-canopy forests, large open meadows, and a tendency
towards even-aged forests on north-facing slopes and at higher ele-
vations where stand-replacing fires were the most common.

1.4. Subalpine forests

Subalpine forests are dominated by Engelmann spruce (Picea
engelmannii) and fir species in more productive sites and lodgepole
pine in drier sites. Aspen also is present in many warmer subalpine
forests. Five-needled pine species can be locally dominant, partic-
ularly in the driest, least productive sites, although they can form
extensive landscapes of almost pure single-species forests in some
areas. In most places, however, these five-needle pines form mixes
with lodgepole pine and/or spruce-fir. Species include limber pine
(P. flexilis), whitebark pine (Pinus albicaulis) in Idaho and Montana,
and Rocky Mountain bristlecone pine (P. aristata) in southern Col-
orado and Utah.

Fires in subalpine forests were generally relatively rare, only
occurring once every 100 to 400+ years, and were related to some
of the strongest regional drought years (e.g. Schoennagel et al.,
2005; Sibold and Veblen 2006). Temperature also was a factor,
with warmer summers and early snowmelt related to regional fire
years during the 20th century (Morgan et al., 2008). Forests are
generally closed-canopy, so they usually burned as severe crown
fires that killed most or all trees over hundreds to thousands of
hectares (Sibold et al., 2006). Subalpine tree species tend to be well
adapted to stand-replacing wildfire, as lodgepole pine regenerates
from seeds that are released from serotinous cones, aspen sprouts
new shoots from underground dormant buds, and spruce and fir
seeds are winged to assist with long-distance dispersal.

2. Conceptual model of fuel dynamics and fire regimes

Fire regime refers to the typical fire frequency, general fire
behavior, average fire sizes, and average season of burning. Fire
regime is controlled primarily by the amount, type, arrangement,
and condition (i.e., dryness) of fuels. Fuel characteristics are closely
connected to climate, but on two different time scales (Hessl,
2011). On time scales of hours to months, variables such as relative
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humidity, temperature, wind speed, timing of snowmelt, and pre-
cipitation events affect fuel moisture (Goldammer and Price, 1998).
Fuels have to be dry enough to burn, and changes in daily to sea-
sonal weather conditions are the primary controls on whether igni-
tion can occur and how extensive or intense a fire will be.
However, climate affects fuel amounts on time scales of years to
centuries by controlling species composition, ecosystem produc-
tivity, and rates of biomass decomposition (Meyn et al., 2007;
Krawchuk and Moritz, 2011). The horizontal and vertical fuel
structure greatly affects fuel connectivity across landscapes and
the ability of fire to transition from surface to canopy layers.

The balance of fuel drying over shorter time scales and fuel pro-
duction over longer times largely controls the general patterns of
fire regimes and fuel dynamics across climate gradients (Fig. 2;
Meyn et al., 2007; Hessl, 2011; Heyerdahl et al., 2011; Krawchuk
and Moritz, 2011). In areas with warm and dry climates and rela-
tively low net ecosystem productivity, fire regimes are generally
limited by fuel amount. Fuels are sparse and patchily distributed,
fire frequency is generally low, and when ignitions occur, fire
extent tends to be limited. In such areas, which in the Rocky Moun-
tain region include pifion-juniper woodlands, rare landscape-scale
fires are typically driven by high winds that push flames across fuel
gaps and ignite tree canopies, resulting in widespread tree mortal-
ity (e.g., Floyd et al., 2000).

In contrast, forests in cool and wet sites, such as the subalpine
forests, tend to be relatively productive with higher fuel loads
and connectivity. However, the fuels in these forests are rarely
dry enough for extensive burning to occur, so fire frequency is rel-
atively low (Fig. 2). When fires occur, they tend to burn at high
severity, and the resulting active crown fires cause extensive areas
of tree mortality (Schoennagel et al., 2004).

Between these two extremes of fuel-limited vs. climate-limited
forests are ecosystems that are both fairly productive and that dry
out often enough to make fires relatively common (Meyn et al.,
2007; Krawchuk and Moritz, 2011). In the Rocky Mountain region,
the lower montane and to a lesser extent the upper montane for-
ests typically experienced relatively frequent, lower severity sur-
face fires or passive crown fires (Fig. 2; Brown et al., 1999;
Sherriff and Veblen, 2008). It is these fire regimes where a century
of fire exclusion has had the most impact, with fuel load and forest
structure profoundly altered from historical patterns (Agee, 1993;

Cooler Alpine (non-forested)
Wetter .
A Subalpine forests A
Upper montane -
forests Slx
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Fig. 2. Generalized fire regimes, defined by frequency and severity (curved line)
across climatic gradients for the four forest types and non-forest ecosystems in the
Rocky Mountain region. Fuel production and fuel drying are also shown in relation
to the climatic axis, and this shows that fire regimes in drier and warmer
ecosystems are typically “fuel limited”, while fires in cooler and wetter ecosystems
are typically “climate limited”. Fire frequency and severity are highest in the lower
montane ecosystems because they have the optimal combination of fuel production
and fuel drying.

Schoennagel et al., 2004). Many present-day montane forests have
greatly increased tree densities, lowered crown base heights, and
lost landscape mosaics of openings, meadows, and variability in
stand structures (Agee, 1998).

3. Climate projections and future fire regimes

This section summarizes projected climate change impacts on
fuel dynamics and fire regimes over approximately the next
50 years in the central Rocky Mountain region. Downscaled cli-
mate change projections are drawn from Liu et al. (2013) (see also
Rocca et al. this issue) and presented in comparison to other stud-
ies, conducted mostly at coarser spatial resolutions, that capture a
variety of emissions scenarios, climate models, and forecasting
methods.

Over the next several decades temperatures are forecast to
increase in every season, with average increases of more than
3 °C in summer and 2-3.5 °C in the fall (Liu et al., 2013). Fire sea-
sons generally occur from late spring to early summer in the south-
ern Rockies, transitioning gradually towards late summer and early
fall with increasing latitude (Mote et al., 2005; Westerling et al.,
2006). The projected average temperature increases of 2-3 °C in
winter and spring are likely to result in more of the winter precip-
itation falling as rain rather than snow (McCabe and Wolock,
2010). Warmer spring temperatures will result in earlier spring
snowmelt and an earlier start to fire seasons. Warmer summers
and falls will lead to a temporal extension of the fire season. The
observed changes in temperature for forested areas in the central
and northern Rocky Mountains are already having a profound
effect on the timing of runoff in snow-dominated areas, with peak
runoff commonly occurring two to three weeks earlier than previ-
ous decades (Cayan et al., 2001; Westerling et al., 2006; Clow,
2010). Therefore, not only will fire seasons start earlier and end
later, but also they will likely be drier due to the earlier snowmelt
and the direct impacts of the temperature increases on fuel dryness
(Westerling et al., 2006; Morgan et al., 2008).

Region-wide, precipitation forecasts generally show an increase
in winter precipitation and a decrease in summer precipitation (Liu
et al., 2013), although there is less certainty in precipitation fore-
casts from the various models (Meehl et al., 2007; Ray et al,
2008; National Research Council, 2011; Notaro et al., 2012). Most
forecasting efforts and ensemble models, such as the World Cli-
mate Research Programme Multi-model Dataset, show annual pre-
cipitation decreasing to the south of Colorado and Utah and
increasing to the north, with a zone of uncertainty in between
(Meehl et al., 2007; Gutzler and Robbins, 2011). The recent projec-
tion from Liu et al. (2013) shows summer rainfall decreases on the
order of at least 50 mm, or approximately 25%, for Colorado. Fall,
winter, and spring increases in precipitation are most pronounced
in the northern Rockies of Idaho and Montana (Gutzler and
Robbins, 2011; Liu et al., 2013).

There is nearly universal agreement that the projected changes
in temperature and precipitation will increase the moisture deficit
across the Rocky Mountains, even where precipitation is forecast to
increase. Warming and drought will be most severe in the southern
half of the region (Burke et al., 2006; Hoerling and Eischeid, 2007;
Seager et al., 2007; Spracklen et al., 2009; Gutzler and Robbins,
2011). Gutzler and Robbins (2011) forecast Palmer Drought Sever-
ity Index (PDSI) across the western U.S. using an ensemble of glo-
bal climate models with a mid-range (A1B) forcing scenario,
empirically downscaled spatially and temporally. Their models
show lower average PDSI (i.e., more droughty) conditions through-
out the region, with especially severe drying in Colorado. Liu et al.
(2010, 2013) use dynamically downscaled projections of the
Hadley Center Climate Model (HadCM3) under the A2 emissions
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scenario, a relatively high emissions scenario. They forecast an
increase in the Keetch-Byran drought index (KBDI; Keetch and
Byram, 1968, revised 1988) for the vast majority of the Rocky
Mountains, with summer and fall KBDI increasing by more
than100 points across most of Utah, Colorado, Wyoming and Mon-
tana. For reference, summer KBDI between 1971 and 2000 aver-
aged around 400 for Utah and Colorado, and around 300 for
Idaho, Montana, and Wyoming; values greater than 400 are consid-
ered high fire potential, and above 600 are considered extreme (Liu
et al., 2013). In much of Idaho, however, the increase in winter pre-
cipitation partially compensates for warmer temperatures, result-
ing in a KDBI increase of less than 50 points in summer and fall,
and even some decreases in fall KBDI (Liu et al., 2013).

Several modeling efforts have explored the consequences of
these moisture deficit projections for fire regimes in the Rocky
Mountain Region. These studies have predicted increases in area
burned (Bachelet et al., 2003; Spracklen et al., 2009; National
Research Council, 2011), number of high fire danger days (Brown
et al., 2004), and fire frequency (Krawchuk et al., 2009;
Westerling et al., 2011) by the mid to late 21st century. A recent
National Research Council Report (NRC, 2011) predicted that a
1 °C increase in global average temperature would result in a six-
fold increase in annual area burned for the Southern Rockies (Col-
orado, Utah, and Wyoming), a fivefold increase in the Central
Rockies (central Idaho and Montana), a fourfold increase for the
Colorado Plateau, and a doubling in the Northern Rockies (northern
Idaho and Montana). The predicted doubling of area burned in the
Northern Rockies demonstrates the dominance of moisture deficit
over the projected increase in precipitation for controlling fire
regimes.

In these fire regime projections, fire occurrences are generally
modeled using statistical relationships between historical (sea-
sonal or annual) climate and past fire size or occurrence. Only
the regional (Bachelet et al., 2003) and global-scale (Krawchuk
et al, 2009) efforts using dynamic global vegetation models
attempt to account for the trade-offs between fuel production
and fuel condition, and these coarse-resolution efforts cannot cap-
ture the specific dynamics of climate change with forest type that
have to be known when making land and fuels management deci-
sions. In the absence of any mechanistic fire spread modeling stud-
ies like (e.g. de Groot et al.,, 2013) or landscape-scale forest
dynamics modeling efforts (e.g. Miller and Urban, 1999;
Loudermilk et al., 2013) on fire-vegetation-climate change interac-
tions in the Rocky Mountain region, we take advantage of the con-
ceptual model described above (Section 2) to inform our
projections of future alterations to fire regimes.

4. Future fire regimes in four forest types

The conceptual model of fuel dynamics and fire regimes, when
combined with the literature on future climates, allows us to pro-
ject how climate change is likely to alter both short- and long-term
fire regimes in each of the four forest types. The general patterns
projected here then have to be adjusted according to local condi-
tions, but climate forcing explains many of the overall trends in
regional fire occurrence (e.g. Kitzberger et al., 2007; Krawchuk
and Moritz, 2011). From the projected regional trends, we also
can make inferences about changes in carbon sequestration, water
quality, air quality, and biodiversity.

Our assessments are guided by the previously described climate
forecasts, which cover approximately the next 50 years. We define
“short-term” as the characteristics of the next fire to occur in an
area, while “longer-term” refers to the trajectory of fire regimes
over several fire cycles based primarily on changes in longer-term
fuel characteristics (e.g., stand productivities). By definition, the

short-term projections are based on existing fuel structures, some
of which have deviated from historical conditions, while the
longer-term projections have to balance the direct climatic effects
with the indirect effects in terms of changes in vegetation, produc-
tivity, and fuel loads. These longer-term projections may only be
manifested beyond the approximate 50-year time frame for the cli-
mate projections, especially for the forest types with long fire
recurrence intervals, but the strength of the basic trends and our
understanding give us confidence in the likely fire regime and
how this will affect the other resources being considered here.

We define fire risk as the probability of fire occurrence, with the
implication that over longer time scales fire risk relates to fire fre-
quency. We define fire severity as the degree of organic matter loss
in the fire (sensu Keeley, 2009). According to this definition, a high
severity fire is one in which most or all of the aboveground vege-
tation is killed, and virtually all of the litter and organic matter
at and above the soil surface is consumed. In contrast, a low sever-
ity fire would not kill all of the aboveground live vegetation, partic-
ularly the larger trees, and there would still be some litter to
protect the soil surface and no loss of soil organic matter. In both
our short- and longer-term forecasts we assume no change in for-
est type or dominant tree species, which is generally reasonable
given the time frame of this assessment. We recognize, however,
that ecosystem type conversions, such as changes from forest to
shrubland or grassland, may take place due to climate change or
uncharacteristic fire regimes (e.g. see Westerling et al., 2011).
The possibility of such type conversions is discussed in the context
of management alternatives (Section 5).

In the short term, warming and/or drying will increase fuel dry-
ing and lead to a higher probability of ignition and burning across
all forest types. The overall result is increased fire occurrence, more
extensive areas of burning, and in some cases increased fire sever-
ity (Table 1). Over the longer term, however, future warming and
drying will lead to altered fire regimes by affecting net ecosystem
production (Krawchuk and Moritz, 2011). Lower fuel production in
the drier ecosystems may lead to decreased fuel loads and loss of
fuel connectivity across landscapes and, in these areas, climate
change may actually contribute to reduced fire frequency
(Swetnam and Betancourt, 1998; Westerling and Bryant, 2008;
Littell et al.,, 2009). In these cases, an initial, potentially higher
severity fire may reset the ecosystem by consuming existing fuels
and modifying fuel structures. We then postulate a subsequent
shift downwards towards the hotter and drier conditions in Fig. 2
(Table 1).

The confidence level is listed for each our fire regime projec-
tions in Table 1 using the National Climate Assessment guidelines
(National Research Council, 2011). High confidence indicates
strong evidence and high consensus; medium confidence indicates
moderate or suggestive evidence; and low confidence indicates
inconclusive evidence, extrapolations, and/or lack of opinion
among experts. We generally have more confidence in our short-
term projections, and this is due in part to our greater knowledge
of current fuel loads and hence our projections for the next fire. We
also have an increasing number of observations on climate change-
induced alterations to fire regimes (Floyd et al., 2004; Westerling
et al., 2006; Littell et al., 2009). Our confidence in our longer-term
projections is only medium at best due to the uncertainty in: (1)
the rate at which changes in climate will affect vegetation produc-
tivity relative to our time horizon of 50 years; (2) the validity of
using or extrapolating past fire-climate relationships for future,
possibly non-analog climate conditions (Williams and Jackson,
2007); (3) how a warmer and drier climate will alter ecosystem
productivity in the upper montane and subalpine forests; (4) com-
plicating factors such as insect outbreaks and invasive species that
can change fuel structures and alter fire regimes; (5) uncertainty
about future land use and land management practices; and (6)
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Table 1

Forecasted change in fire risk (probability of fire occurrence) and fire severity (effects of fire on forest overstory) over the short and longer term by forest type. + indicates an
increase in fire risk or severity, 0 indicates no change, and - indicates a decrease. Short-term projections assume current fuel structures and represent our projections for the next
fire in an area. Long-term trajectories consider recovery from the first fire and the likely fuel production over one or more fire cycles. A level of confidence is associated with each

projection, and these recognize the numerous, non-climate complicating factors.

Short-term change
in fire risk (likelihood
of the next fire)

Short-term change
in fire severity
during the next fire

Longer-term
trajectory for fire
risk (fire frequency)

Longer-term
trajectory for
fire severity

Complicating factors

Pifion-juniper + 0
(high confidence) (high confidence)

Lower montane + +
(high confidence) (high confidence)

Upper montane + +
(high confidence) (high confidence)

Subalpine + 0
(high confidence) (high confidence)

(low confidence)

(low confidence)

+

(low confidence)

+

(medium confidence)

0 o Cheatgrass and other invasive grasses
(low confidence)

+ e Heterogeneity in management actions
(low confidence) and restoration activities
+/—
(low confidence)

0
(medium confidence)

e Heterogeneity in management
history and restoration activities

changes in the frequency and location of fire ignitions, both human
and natural. With respect to the latter, increased temperature and
summer moisture deficits may increase lighting activity and fire
starts (Price and Rind, 1994), but the current state of knowledge
does not permit the explicit prediction of such changes (Hessl,
2011). Similarly, there is no way to reliably predict the changing
potential for increased human ignitions.

4.1. Pifion-juniper woodlands

For pifion-juniper woodlands our short-term projection is for
fire risk to increase. This projection has a high confidence level
because an increased occurrence of extensive, high-severity fires
in pifion-juniper have already been observed in response to recent
warm, dry periods (Floyd et al., 2004). We expect no immediate
change in fire severity because fires, at least the ones that burn a
large area, already consume most of the available fuels and kill
the tree overstory (Baker and Shinneman, 2004).

We project with lower confidence that the longer-term trajec-
tory for current pifion-juniper landscapes will be less frequent fire
(lower fire risk). Following an initial fire in any particular location,
we expect that growth of surface fuels as well as trees to be
reduced as a consequence of moisture limitation, resulting in a
sparse (or absent) canopy and disconnected fuels. Fires that do
occur will, by necessity, be associated with high winds, so we
expect with low confidence that fires will remain stand replacing.
Both the short- and long-term projections for pifion-juniper wood-
lands are complicated by the increased prevalence of invasive
annual grasses, especially cheatgrass (Bromus tectorum). After
cheatgrass-fueled fires, the highly flammable grass re-establishes
rapidly and often expands, triggering a transition to a more fre-
quent fire regime (Brooks et al., 2004; Evangelista et al., 2004;
Floyd et al., 2006; Shinneman and Baker, 2009). The presence of
cheatgrass would therefore support our short-term projection of
increased fire risk, but would contradict our longer-term projection
of reduced fire frequency.

4.2. Lower montane forests

Lower montane forests were historically situated at the peak of
the curve in Fig. 2, and they were most frequently burned by sur-
face fires with a correspondingly low mortality of dominant trees.
However, in most areas, fire exclusion has resulted in dense forests
that support greater incidence of stand-replacing fire (Arno et al.,
1995; Allen et al., 2002; Agee and Skinner, 2005). We have high
confidence that climate change will increase short-term fire risk
regardless of stand structure because the existing fuels will be

drier for more extended periods of time (Section 3). We also have
high confidence that, on average, the short-term fire severity will
increase because the drier fuels lead to more intense fires.

The longer-term trajectory for lower montane forests is less cer-
tain. One possible scenario is for fuel production, especially surface
fuels, to be reduced. Historically, fires in the southern portion of
the study area depended just as much on the fine fuel buildup dur-
ing antecedent wet years as the occurrence of dry years (e.g. Brown
and Wu, 2005). If such wet years become less frequent, there
would be a corresponding reduction in the likelihood of broad scale
burning (Swetnam and Betancourt, 1998; Donnegan et al., 2001;
Westerling and Bryant, 2008; Littell et al., 2009). We project — with
lower confidence - that lower montane forests will shift towards a
lower fire frequency and a higher fire severity (Diggins et al., 2010).
Uncertainty remains, however, about the balance of fuel condition
and fuel production (the peak in Fig. 2) across the range of lower
montane forests in the Rocky Mountains.

4.3. Upper montane forests

As in lower montane forests, management efforts have focused
on restoring historical stand and landscape structures, but to date
only a very small portion of affected areas have been treated
(Schoennagel and Nelson, 2011). With high confidence we project
that climate change will increase the short-term fire risk because
fuels are plentiful and continuous and will be drier for longer peri-
ods of time during the longer fire season. From 1970 to 2005 the
observed increase in large fire occurrence was most pronounced
in the upper montane zone, particularly in the northern Rockies
(Westerling et al., 2006). This increase was attributed to the
increased fire season lengths, earlier snowmelt, and increased tem-
peratures. We also have high confidence in the projection that fire
severity will increase over the short term, with larger patches of
high severity fire.

The longer-term trend in the fire regime of the upper montane
is towards a more frequent fire regime, though this projection car-
ries low confidence. These forests will still be relatively productive,
with both high understory and overstory fuel loads. The longer-
term projections about fire severity also carry low confidence, as
they depend on the extent to which vegetation growth will be
reduced due to more severe moisture deficits, or whether growth
might increase as a result of a longer and warmer growing season.
There is no consensus about the extent to which production in
upper montane and subalpine forests is limited by moisture, and
changes in tree growth with a future climate will likely vary by
species (Kaufmann, 1985; Pataki et al., 2000). If fires indeed
become more frequent, fire severity should decrease (e.g., Fig. 2).
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However, if fuels dry more quickly without an associated decrease
in fuel production, there would be an increase in severity along
with an increase in fire frequency.

4.4. Subalpine forests

We are highly confident that the short-term impact of warming
and drying will be an increase in fire risk, and a continuation of the
high severity fire regime (Table 1). Over the longer-term, it is not
clear how fuel production will change in response to the poten-
tially conflicting increase in temperature, which should increase
growth, and the greater potential for drying, which could decrease
growth. The net balance will determine the resulting change in
fuels. However, in contrast to the upper montane forest, the change
in fuels is probably minor relative to the change in the amount and
duration of drying, so we project with medium confidence that
longer-term fire frequency will increase with the increase in tem-
perature and shift from snow to rain. With medium confidence we
also project that fire severity will remain high due to the hypoth-
esized high vegetative productivity (Table 1).

Some have postulated a relatively large change in subalpine for-
ests under a more frequent fire regime. Westerling et al. (2011) use
downscaled global climate models and statistical relationships
between climate conditions and past fires to predict a reduction
in fire rotations from the historical value of more than 120 years
to less than 20 years by midcentury, and less than 10 years by
the end of this century. This sharp increase in fire frequency may
preclude conifer regeneration and cause a vegetation shift to a
fuel-limited grassland or shrubland. This demonstrates the poten-
tially complex feedbacks between climate, fire regimes, and forest
composition, and the resulting uncertainty in predicting future fire
severity and frequency.

5. Fire management alternatives

In this section we briefly describe four alternatives for manag-
ing fire - fire suppression, wildfire with little to no active manage-
ment, prescribed fire, and mechanical treatments - and the
potential of these to mitigate climate change impacts to fire
regimes and forests. The following sections then discuss the costs
and benefits of these alternatives for four ecosystem services: car-
bon sequestration, water resources, air quality and human health,
and biodiversity.

In the Rocky Mountain region fire suppression has been the
dominant paradigm for fire management. Future fire management
is expected to be similar given the resources at risk (Stephens et al.,
2013). Suppression generally has been successful except during the
most extreme weather conditions, but suppression is becoming
less effective as drier conditions increase the frequency, extent,
and severity of fires, and overwhelm both firefighting resources
and the ability to safely put out fires (Adams, 2013).

Wildfires are fires that burn without effective fire suppression.
Scientists, resource managers, and policy makers have increasingly
been recognizing the benefits of letting some naturally-ignited
fires, or parts of fires, burn when fewer resources are at risk and/
or there may be some ecological benefits (Fire Executive Council,
2009). Prescribed fire is defined as the application of manage-
ment-ignited fire to achieve pre-specified objectives, such as a
reduction in surface and/or ladder fuels, restoration and mainte-
nance of a historical fire regime, controlling weeds, or creating
habitat. The widespread application of prescribed fire is increas-
ingly limited by the risk of escape, agency budgets and staffing,
the shortage of weather conditions suitable to achieving desired
fire behavior, and the effects of smoke on public health and visibil-
ity (reviewed in Quinn-Davidson and Varner, 2012; Ryan et al,,

2013). Although we do not know of any studies on how climate
change will affect burn windows, we would project that there
may not be much short-term change in the number of burn win-
dows, but these will be shifted temporally (e.g., later in the fall,
earlier in the spring).

Mechanical treatments typically thin canopy fuels to reduce the
risk of crown fire, but sometimes they also are designed to reduce
surface and/or ladder fuels (Agee and Skinner, 2005; Reinhardt
et al., 2008; Stephens et al., 2012). Such treatments can mimic
some of the beneficial effects of prescribed fire while avoiding
most of the potential adverse effects. Mechanical treatments are
primarily limited by funding rather than weather or air quality
concerns (Hjerpe et al., 2009). While the cost of mechanical treat-
ments is highly variable (Reinhardt et al., 2008), they often cost
several times as much as prescribed fire (Calkin and Gebert,
2006). Timber sales, stewardship contracts, and biomass utilization
are increasingly used to offset treatment costs (Nielsen-Pincus
et al., 2013). Costs also can be reduced by shredding or chipping
the material and leaving it on site rather than having to remove
and dispose of the unmerchantable woody material (Wolk and
Rocca, 2009; Battaglia et al., 2010). Piling and burning is another
common approach to the disposal of unwanted biomass.

5.1. Potential for management to mitigate changes in fire regimes and
vegetation

The suitability and limitations of fire suppression, wildfire, pre-
scribed fire, and mechanical thinning treatments for mitigating
changes in fire regimes and vegetation varies by forest type
(Table 2) as described below. Fire suppression in persistent
pifion-juniper woodlands generally has not caused much structural
change because extensive, crown-replacing fires were historically
infrequent (Baker and Shinneman, 2004; Floyd et al., 2004). Once
burned, however, forest recovery may take decades to centuries
because the dominant tree species are not adapted to regenerate
after fire. The danger of the wildfire option is that future wildfires
may be larger and more regionally synchronous. A warmer and
drier climate is likely to further retard post-fire tree re-establish-
ment, and increase the likelihood of a permanent type conversion
to shrubland or grassland (Romme et al., 2003a). Prescribed surface
fires and mechanical thinning are not attractive options for pifion-
juniper woodlands since pifion and juniper do not tolerate fire
well, and widely spaced trees were not the historical norm, at least
in the majority of pifion-juniper ecosystems in the region (Floyd
et al., 2004; Romme et al., 2009). Hence fire suppression, if effec-
tive, may be the best management strategy for maintaining
pifion-juniper landscapes. The chances of effective fire suppression
may be increased by creating fire breaks through strategically-
located thinning treatments, but these would result in a novel
community structure rather than recreating a historical one.

In contrast, fire exclusion has altered stand structure and forest
heterogeneity in lower and upper montane forests (Arno et al.,
1995; Brown et al.,, 1999; Kaufmann et al., 2000; Veblen et al.,
2000; Allen et al., 2002). The historic policy of fire suppression
has led to high fuel loadings in many areas, making fire suppres-
sion an increasingly untenable option, particularly under extreme
weather conditions. Allowing wildfires to burn will often lead to
undesirable levels of tree mortality unless weather conditions are
mild or historical forest structure has been maintained or restored.
The projected increase in stand-replacing fires also will alter forest
structure and composition by selectively eliminating those tree
species that are not adapted to regenerate after stand-replacing
fires (Schoennagel et al., 2004). Restoration treatments that use
prescribed fire or mechanical thinning to restore historical forest
structure and landscape heterogeneity have the potential to reduce
the chances of uncharacteristically severe and damaging wildfires
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Table 2

Hypothesized effectiveness of land management alternatives to mitigate changes in fire regime and vegetation. High means the management practice will help maintain the
ecosystem, moderate indicates a modest chance that the management practice could help maintain the ecosystem, low means the management practice is unlikely to help
maintain the ecosystem, and negative means the management practice is likely to further exacerbate changes in fire regimes and/or vegetation.

Forest type Fire suppression

Wildfire/No management intervention

Prescribed fire Mechanical thinning

Pifion-juniper Moderate Negative Low Low/moderate
Lower montane Negative Negative High High
(high where historical stand structure intact or restored)
Upper montane Negative Low Moderate Moderate
(high where historical landscape structure intact or restored)
Subalpine Low High Moderate Low

(Finney et al., 2005; Stephens et al., 2012). The restoration of a fre-
quent surface fire regime, with a component of crown fire in the
upper montane, should help reduce the frequency and size of the
more severe fires (Littell et al., 2009) that are projected to occur
as a result of a warmer and drier climate.

The use of prescribed fire and mechanical treatments in the
upper montane forests are projected to be moderately effective
in mitigating potential climate change impacts by reducing the fire
extent and severity (Table 2). Because fire regimes are somewhat
moisture limited in the upper montane, thinning may be less effec-
tive than in the lower montane forests because this would subject
the relatively abundant surface fuels to more wind and solar radi-
ation, which could accelerate fuel drying and intensify fire behav-
ior. Mechanical treatments that increase surface fuel loads are of
particular concern (Graham et al., 2011). Alternatively, a more fre-
quent fire regime in the upper montane may sufficiently reduce
the surface and ladder fuels to shift the fire regime away from
infrequent, stand-replacing fires to a fire regime that is more sim-
ilar to the lower montane forests. Hence the most likely scenario of
prescribed fire and mechanical treatments is to effectively prepare
these forests for the coming changes in fire regimes and help main-
tain the ecosystem over the longer-term.

Fire suppression in subalpine forests is not detrimental to indi-
vidual forest stands or landscape-scale forest composition in the
short-term, given the historically long fire recurrence interval
(Table 1). However, fire suppression over a longer time period
would reduce the larger-scale heterogeneity in stand ages and spe-
cies composition. Relative to the other forest types, and at least in
the short-term, subalpine forests would benefit the most from
allowing wildfires to burn, because this would increase landscape
heterogeneity, benefitting species such as aspen and lodgepole
pine that respond well to stand-replacing wildfire (Schoennagel
et al., 2004; Sibold et al., 2006).

The use of prescribed fires in the subalpine is more difficult
given the high fuel loadings, the uncertain acceptance by the public
of initiating the stand-replacing fires that are characteristic of this
forest type, and the associated effects on air and water quality as
described in the follow sections. Management options are further
limited because mechanical treatments do not have a natural ana-
log in subalpine forests unless they involve clearcutting. Similar to
the upper montane forests, an effort to create a more open canopy
structure may exacerbate the effects of a warmer and drier climate
by allowing an even greater drying of forest fuels with the associ-
ated effects on fire frequency and severity (Schoennagel et al.,
2004). Hence the selection of management options is more difficult
in the subalpine zone because none of the options can effectively
help restore or mimic the natural fire regime without having other
adverse effects.

5.2. Carbon sequestration

Wildland fires in the US have the potential to release large
amounts of carbon to the atmosphere through the combustion of

wildland fuels and subsequent decomposition of dead woody bio-
mass. CO, emissions from vegetation fires in the five state region
averaged 24.3 TgCO, yr~—' between 2001 and 2008 (Wiedinmyer
and Hurteau, 2010) and play an increasingly significant role in
the regional carbon budget; during the severe 2002 fire season in
Colorado, C emissions from wildfire were comparable to those
from the Colorado transportation sector (Brown, 2011). As vegeta-
tion regrows, however, forests typically recover the carbon that
was emitted during the fire. For example, a Sierran mixed-conifer
forest recovered its carbon in less than seven years after a low
severity surface fire (Hurteau and North, 2010), a time span com-
parable to the historic fire return interval in such forests (Caprio
and Swetnam, 1995). A lodgepole pine forests in Yellowstone
National Park recovered about 90% of pre-fire carbon within
100 years following a stand-replacing fire, with a historic mean fire
interval of 150-300 years (Kashian et al., 2013). Over time scales
that encompass the entire cycle of fire to the regrowth of a mature
forest, therefore, wildfires and prescribed fires should not lead to a
net loss of carbon to the atmosphere (Campbell et al., 2012).
However, it follows that if forests fail to recover following fire, if
fire frequency is higher than the time it takes to recover carbon
stocks, or if there is a permanent change in forest structure to a
state with lower carbon stocks, there will be a net loss of carbon
over time.

Failure to recover pre-fire carbon stocks might occur as a conse-
quence of uncharacteristic fire regimes to which dominant plant
species are not adapted. Fires that are too severe for mature adults
or their propagules to survive, or fire return intervals that are out
of sync with species’ life histories, may trigger a type conversion
to grassland or shrubland (Keeley and Brennan, 2012; Roccaforte
et al., 2012). Alternately, an unfavorable post-fire environment
due to decreased soil fertility or altered climate regimes could pre-
vent pre-fire communities from recovering after fire (Romme et al.,
2003a; Bormann et al., 2008).

Management activities that help to prevent such a type conver-
sion may be appropriate options for preserving forest carbon stor-
age capacity (Ryan et al., 2010; Campbell et al., 2012). Mechanical
thinning and prescribed fire are touted as treatments that can
reduce the risk of severe crown fire in montane forests (Hurteau
and North, 2009; Wiedinmyer and Hurteau, 2010; Hurteau and
Brooks, 2011). However, these treatments themselves remove bio-
mass from the forest and emit C to the atmosphere. Prescribed fire
releases C to the atmosphere through combustion, and thinning
treatments reduce net C storage because most thinned biomass is
either left on site to decompose or piled and burned (Ryan et al.,
2010; Campbell et al., 2012). While forest C estimates in relation
to fire and forest thinning are largely lacking for the Rocky Moun-
tain region, a review of fuels treatment in forests similar to this
region’s lower montane forests shows aboveground C losses
approximately 12% for prescribed fire and 30% for thinning
(Campbell et al., 2012). Assuming such treatments are maintained
in perpetuity, these losses in C storage will be sustained. Campbell
et al. (2012) show that, as long as forests are expected to regrow
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following wildfire, the C cost of these treatments is not justified by
the associated reduction in C emissions from wildfire.

Forest types that are considered to be resilient, or most likely to
recover after a future fire, are assessed as having a low risk of car-
bon loss (Table 3) over the long term. Most subalpine forests fall
into this category because the life history strategies of the domi-
nant trees (i.e., serotinous cones in lodgepole pine, wind-dispersed
seed in spruce, resprouting in aspen) allow them to regenerate
quickly following stand-replacing wildfire. Two caveats are worthy
of mention, however. First, several more narrowly distributed sub-
alpine species are probably not resilient to wildfire, especially the
five needle pines (whitebark pine, limber pine, western white pine,
bristlecone pine). Second, it is possible that future fires will
become so frequent that subalpine trees cannot complete a life
cycle between fire intervals, as Westerling et al. (2011) predicted
for Yellowstone subalpine forests. Even if subalpine forests were
indeed vulnerable to type conversion in the next several decades,
prescribed fire and mechanical thinning would be unlikely to mit-
igate this conversion because fire regimes in these forests are cli-
mate limited, not fuel limited (Fig. 2).

Forest types with a high probability of permanently changing
state to a different vegetation type that stores less carbon include
pifion-juniper woodlands and lower montane forests. In pifion-
juniper woodlands, prescribed fire and thinning are unlikely to
substantially alter the risk of severe fire (Tables 2 and 3), in part
because any spreading fire, regardless of fuel load, would likely kill
the trees and result in a slow biomass recovery. Lower montane
forests, in contrast, would benefit from prescribed fire or thinning
treatments that restore historical forest structure and increase
the chance that mature trees and their seeds will survive wildfire.
Upper montane forests fall between the lower montane and the
subalpine in terms of their risk of permanently losing forest
carbon stocks, and would likely benefit from landscape-scale resto-
ration treatments that reduce the risk of extensive stand-replacing
fires.

5.3. Water quantity and quality

The effects of wildfires on runoff and erosion rates is a major
societal concern because of the potential for severe impacts on site
productivity, peak flows, water quality, aquatic habitat, and reser-
voir sedimentation (e.g.; Moody and Martin, 2001; Shakesby and
Doerr, 2006; Rhoades et al., 2011; Smith et al., 2011). From a man-
agement perspective, it also is important to compare the effect of
wildfires on runoff and erosion relative to efforts to reduce fire risk,
such as mechanical thinning and prescribed fire. Hence this section
first discusses how forest fires alter runoff and erosion rates. Then
it summarizes the respective effects of climate change, fire
suppression, and heavy thinning on fire severity and frequency,
and describes how these changes in turn alter runoff and erosion

Table 3

rates by forest type. In this section, fire severity is related to the
magnitude of the changes in soil characteristics and ground cover
(Parsons et al., 2010), as these are dominant controls on post-fire
runoff and erosion rates (Benavides-Solorio and MacDonald,
2005; Larsen et al., 2009).

5.3.1. Effects of fires on runoff, erosion, and water quality

In most densely forested areas there is very little or no bare soil
and nearly all of the rainfall and snowmelt infiltrates, so the pri-
mary runoff process is subsurface stormflow (e.g., Dunne and
Leopold, 1978). This explains why forests are widely recognized
for producing clean water while minimizing floods (National
Research Council, 2008). High-severity forest fires are a great con-
cern because they remove most of the protective ground cover and
alter the surface soils (Neary et al., 2005; Larsen et al., 2009). This
causes a change from subsurface flow to overland flow, and in the
Colorado Front Range high-severity fires reduce infiltration rates
from greater than 50mmh~! to only about 8-10mmh!
(Moody and Martin, 2001; Libohova, 2004; Neary et al., 2005;
Kunze and Stednick, 2006). This decrease in infiltration is due to
a series of often interacting processes, including: (1) burning the
surface organic matter and the associated reduction in aggregate
stability and increase in soil erodibility (Blake et al., 2007); (2) sur-
face crusting as a result of raindrop impact on bare mineral soil
(Larsen et al., 2009); (3) releasing various organic compounds that
condense on the underlying soil particles to create a water repel-
lent (hydrophobic) layer (Robichaud, 2000); and (4) reduction in
surface roughness and the resultant increase in overland flow
velocities (Lavee et al., 1995). The greater volume and speed of
overland flow can cause extensive rilling, gullying and debris flows
in steeper areas, and much of the coarse mineral sediment is
deposited in lower-gradient downstream areas (Moody and
Martin, 2001). In contrast, the ash and finer particles tend to
remain in suspension, causing a degradation of water quality and
greatly increasing water treatment costs (Smith et al., 2011). Wild-
fires can affect a series of other water quality parameters, including
an increase in nitrates, phosphorus, and heavy metals, but these
generally are of much less concern than the increases in ash and
sediment concentrations (Neary et al., 2005; National Research
Council, 2008; Smith et al., 2011).

Low-severity fires generally have a much smaller effect on run-
off and erosion rates because these typically remove very little of
the forest canopy and result in less than 30-40% bare soil
(e.g.,.Benavides-Solorio and MacDonald, 2005). Similarly, pre-
scribed fires are typically designed to burn at low severity, with
perhaps small patches of moderate severity, so prescribed fires
should have minimal effect on runoff and erosion rates at anything
larger than the hillslope scale. Runoff and erosion rates after mod-
erate severity fires are harder to predict because they fall into the
middle ground where the changes in runoff and erosion can range

Risks of long-term loss of carbon stocks under different management alternatives. Generally, forests that grow back to pre-fire levels of biomass are considered not to be at risk for
suffering significant loss in carbon stock. Forests at high risk of losing carbon stock are those that have high potential to undergo a type conversion after fire, to a vegetation type

that supports lower biomass/less carbon.

Fire suppression Wildfire

Prescribed fire

Mechanical thinning

Pifion-juniper If effective, retains largest carbon High risk of loss

stock loss

Lower montane  If effective, retains largest carbon High risk of loss

stock loss

Upper montane  If effective, retains largest carbon Medium risk of

stock loss loss

Subalpine If effective, retains largest carbon Low risk of loss

stock

Carbon cost, unlikely to lower risk of large

Carbon cost, but may lower risk of large

Carbon cost, but may lower risk of large

Low risk of loss

Carbon cost, unlikely to lower risk of large
loss

Carbon cost, but may lower risk of large
loss

Carbon cost, but may lower risk of large
loss

Low risk of loss

Ecol. Manage. (2014), http://dx.doi.org/10.1016/j.foreco.2014.04.005

Please cite this article in press as: Rocca, MLE,, et al. Climate change impacts on fire regimes and key ecosystem services in Rocky Mountain forests. Forest



http://dx.doi.org/10.1016/j.foreco.2014.04.005

10 ML.E. Rocca et al./Forest Ecology and Management xxx (2014) XxX—Xxx

from relatively small to quite severe, depending in large part on the
amount and intensity of rainstorms in the first year or two after
burning (Benavides-Solorio and MacDonald, 2005).

Wildfires in the lower montane forest are generally of greatest
concern because these forests have sufficient fuel loadings to burn
at high severity, tend to burn more frequently, and they are often
adjacent to highly-populated areas. Annual rainfall and rainfall
erosivity — which is a function of rainfall intensity and amount
(Renard et al., 1997) - also tend to be higher in the lower montane
forest than in either the drier pifion-juniper or the higher-elevation
but snow-dominated forest types. More research has been done on
post-fire runoff and erosion rates in the lower montane forests
than other forest types; this research indicates that high-severity
wildfires can increase the size of peak flows by a factor of 10 or
more, and erosion rates can increase from near zero to more than
10 metric tons (Mg, or megagrams) per hectare per year (for refer-
ence, soil formation rates are closer to 0.1 Mgha !yr ™)
(MacDonald and Stednick, 2003; Neary et al., 2005; Moody and
Martin, 2009). Post-fire runoff and erosion rates tend to be greater
in the central and southern Rocky Mountains where high-intensity
summer convective storms are more common, and lower in the
northern Rocky Mountains where there are fewer summer convec-
tive storms (Miller et al., 2011).

5.3.2. Climate change effects on the fire regime, runoff, and erosion

The projected changes in temperature and precipitation are
likely to increase runoff and erosion rates because of the shift from
snow to rain and greater storm intensities. Snowmelt rates are
generally too low to cause much surface runoff and post-fire ero-
sion at the hillslope scale (Benavides-Solorio and MacDonald,
2005), although the accumulated water can cause sediment trans-
port and channel incision at larger scale. Of primary concern is the
shift from snow to rain, as the raindrop impacts can detach soil
particles and rainfall intensities can exceed the 8-10mmh™!
needed to initiate overland flow.

For the piflon-juniper and lower montane forests climate
change is projected to cause both an initial increase in soil burn
severity and, due to warmer air temperatures, an increase in rain-
fall intensity. This combination will cause a short-term increase
post-fire runoff and erosion rates, with a greater effect on erosion
because of the large, non-linear increase in erosion with increasing
rainfall intensities (Table 4). The projected effect is smaller in
pifion-juniper than the lower montane forests because the lower
productivity and associated lack of a deep, continuous litter layer
will limit the effects of burning on soil organic matter, aggregate
stability, and infiltration rates.

The effect of subsequent fires will vary according to the pro-
jected longer-term changes in forest productivity; in drier, more
marginal areas the projected decrease in forest productivity and
fuel loadings may decrease fire effects on soil properties and
thereby decrease post-fire runoff and erosion rates. In most areas,
particularly the northern Rockies, the warmer and slightly wetter
conditions should increase forest productivity and the impact of

Table 4

fires on soils. This increase in severity, when combined with the
projected increase in rainfall intensity, should increase both the
size of peak flows and post-fire erosion rates, with a larger pro-
jected increase in erosion than runoff (Table 4).

For the upper montane forests, a warmer climate should
increase the frequency of wildfires and slightly increase fire effects
on soils. This increase in fire frequency, when combined with the
expected increase in the amount and intensity of rain as well as
the decrease in snow cover, may slightly increase annual water
yields and cause a greater increase in the size of peak flows
(Table 4). More importantly, we project that these changes will
result in a much larger increase in post-fire erosion rates because
post-fire erosion is so sensitive to fire severity and rainfall intensi-
ties (Benavides-Solorio and MacDonald, 2005; Wagenbrenner
et al., submitted for publication) (Table 4).

Similarly, climate change in the sub-alpine zone is projected to
generally increase forest productivity, fire frequency, and possibly
fire severity. Again this increase in productivity plus the changes in
climate should result in larger and more frequent post-fire peak
flows and substantially higher erosion rates (Table 4). In both the
upper montane and the sub-alpine zone the post-fire increases in
runoff and erosion are due more to the increased amount and
intensity of rainfall rather than the changes in primary productiv-
ity or fire severity (Miller et al., 2011). The relative importance of
the projected increase in fire frequency is more difficult to quan-
tify, but at least in the near term the increase in fire frequency will
not be as important as the changes in the amount and intensity of
rainfall.

5.3.3. Effects of fire suppression

The projected effects of fire suppression largely depend on how
suppression alters fire frequency and severity over both the short-
and long-term. A shift in the fire regime from frequent, low-to-
moderate severity fires to less frequent, high-severity fires should
increase runoff and erosion rates because the increase in fire sever-
ity has a greater effect on runoff and erosion rates than an increase
in the frequency of lower severity fires. Hence fire suppression,
when combined with climate change, is projected to increase
long-term average erosion rates in the pifion-juniper and lower
montane zones by increasing fire severity (Table 4). However, the
effects of fire suppression are projected to be much smaller for
pifion-juniper because forest productivity is too water-limited to
support a major change in fire severity (Table 4). Any increase in
forest density due to fire suppression is projected to have little or
no effect on runoff in these two forest types because the pifion-
juniper and lower montane forests already yield very little runoff,
so a denser forest will not substantially alter the basic water bal-
ance (Table 4, MacDonald and Stednick, 2003).

In the upper montane and sub-alpine zones fire suppression
should not have any effect on runoff because these forests already
are sufficiently dense to maximize interception and evapotranspi-
ration (MacDonald and Stednick, 2003). Fire suppression might
cause a small increase in erosion if this increases fire severity,

Projected changes in runoff, particularly peak flows, and erosion rates due to fire suppression, wildfires assuming no management actions, prescribed fires, and heavy mechanical
thinning by forest type. Q refers to the amount of runoff, + indicates an increase, — indicates a decrease, and 0 indicates no change.

Forest type Fire suppression Wildfire Prescribed fire Mechanical thinning

AQ AErosion AQ AErosion AQ AErosion AQ AErosion
Pinyon-juniper 0 Small + 0 Small - 0 Small + 0 0
Lower montane 0 or small — + 0 or small + Variable, but may + 0 or small + 0 or small + 0 or small + 0 or small +
Upper montane 0 Small + + 0 or small + 0 or small + 0 or small + 0 or small +
Sub-alpine 0 Small + + 0 or small + 0 or small + 0 or small + 0 or small +
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but most wildfires in these zones are already high severity. Con-
versely, suppression could decrease the average long-term erosion
rate if suppression can significantly reduce the frequency or extent
of high severity fires without increasing fire severity.

5.3.4. Effects of thinning on runoff and erosion

There is an extensive literature on how forest harvest alters
hydrologic and erosion processes, and this understanding can be
used to project the likely effects of mechanical thinning treatments
by forest type (National Research Council, 2008). The fundamental
hydrologic principle is that removing part or all of the forest can-
opy will reduce interception and transpiration, and this can result
in a detectable increase in water yields when annual precipitation
is at least 450-500 mm (e.g., Bosch and Hewlett, 1982; National
Research Council, 2008). Little or no change in annual water yields
or peak flows can be expected if less than 15-20% of the vegetation
canopy is removed, but this threshold may be higher in drier areas
(e.g., annual precipitation less than 500-1000 mm yr—') because
the remaining vegetation will use much of the “saved” water
(MacDonald and Stednick, 2003). This means that thinning, if done
with minimal soil disturbance, will have virtually no effect on the
amount or timing of runoff in the pifion-juniper zone, and little to
no effect in the lower montane zone (Table 4, Troendle et al., 2010).
Heavy thinning, such as selectively removing 25-40% of the forest
canopy, may slightly increase water yields and snowmelt peak
flows in the upper montane and sub-alpine zones (MacDonald
and Stednick, 2003; Troendle et al., 2010), but this increase gener-
ally will be small compared to the inter-annual variability in runoff
and rapidly eliminated with vegetative regrowth and opportunistic
water uptake (Table 4).

Similarly, mechanical treatments generally should not increase
erosion rates (Robichaud et al., 2010). More specifically, as long as
the treatments do not compact the soil, cause more than 30-35%
bare soil, create an extensive road or skid trail network, or disturb
ephemeral channels or streambanks, there should not be any
detectable increase in erosion or degradation of water quality
(e.g.; Cram et al., 2007; Karwan et al., 2007; Table 4). Alternatively,
the extensive use of heavy machinery, particularly on moist soils,
can compact the soils to the extent that snowmelt or rainstorms
can induce overland flow with a resultant increase in surface ero-
sion. Hence the effects of thinning on runoff and erosion are highly
dependent on the site-scale conditions and practices, but typically
become insignificant at larger scales and in relation to the effects of
moderate or high severity wildfires (Robichaud et al., 2010;
Wagenbrenner et al., submitted for publication).

5.4. Air quality and human health

Smoke generated from wildland fires is an emerging concern
because of its impacts on atmospheric visibility, human health,
and air quality regulatory compliance, and climate feedbacks (par-
ticularly via cloud impacts) (Wotawa and Trainer, 2000; Wu et al.,
2008; Oltmans et al., 2010; O'Neill et al., 2013). Smoke composition
depends upon both fuels and combustion conditions, as discussed
below, but biomass smoke contains a large number of gas-phase
and particulate species (Reid et al., 2005; McMeeking et al.,
2009). The importance of air quality considerations varies greatly
with proximity to population centers and local weather patterns.

Epidemiological studies and hospital admission studies indicate
that biomass smoke is associated with human health impacts
(Duclos et al., 1990; Naeher et al., 2007). Two important criteria
air pollutants impacted by smoke include particulate matter with
diameters less than 2.5 micrometers (PM2.5) and tropospheric
ozone (Os3) via emission of precursors (Jaffe et al., 2008a; Jaffe
et al., 2008b). Biomass burning emissions of hydrocarbons and
NOx are a large contributor to the formation of O; and exceedances

of the National Ambient Air Quality Standards (NAAQS) for O3
(Oltmans et al., 2010).

Atmospheric visibility over large regions can be severely
affected by wildfire emissions (McMeeking et al, 2006).
Spracklen et al. (2007, 2009) concluded that summer wildfires
were the most important driver of inter-annual variability in
observed total carbonaceous PM across the continental U.S. These
are largely due to increased area burned, but also because of
altered weather patterns (Spracklen et al., 2009). Similarly, a mod-
eling study by Park et al. (2007) attributed 50% of U.S. annual mean
particulate carbon concentrations to biomass burning. Extreme
visibility impairment can jeopardize transportation and traffic
safety (Berbery et al., 2008).

The severity of air quality impacts is controlled to a large extent
by the microphysical and chemical properties of smoke, such as
particle sizing (McMeeking et al., 2009; Levin et al., 2010). The
effects of smoke on air quality also depend on meteorological
parameters such as relative humidity, which impacts particle size
(Carrico et al., 2005; Carrico et al., 2010), and the optical properties
of the smoke particles (Lewis et al., 2009). Particle size and struc-
ture plays an important role in the cloud nucleating properties of
smoke for both freezing and non-freezing clouds (DeMott et al.,
2009; Petters et al., 2009). The size distribution of particles is also
intimately connected to human exposure endpoints, and ultrafine
particles (diameter Dp <100 nm) have been gaining increased
attention due to their adverse effects on health (Pope and
Dockery, 2006; Pope et al., 2009).

Air quality impacts are directly related to fire size and intensity,
as well as the fuels being consumed, but these impacts are still dif-
ficult to predict. A laboratory study of 255 controlled burns with 33
plant species showed that mass emission factors of PM2.5 varied
from 2 to 82 g of PM2.5 per kg of dry fuel; long-needled conifers
had the highest group average at 29 +25gkg~!) (McMeeking
et al.,, 2009). However, the combustion efficiency and fire phase
was more important than the fuel type. The flaming vs. smoldering
behavior of a fire can be quantified by the Modified Combustion
Efficiency (MCE = ACO,/(ACO, + ACO)); MCE values greater than
0.9 are considered predominantly flaming (Reid et al., 2005).
PM2.5 emissions strongly increases as MCE decreases, indicating
the greater potential for adverse air quality impacts from smolder-
ing fires (McMeeking et al., 2009). Fuel moisture content is an
important control on the MCE and hence PM 2.5 emissions (Chen
et al., 2010). The aerosol single scattering albedo, which is impor-
tant to aerosol climate forcing, also varies with MCE, as it is close to
1 (cooling effect) for smoldering combustion and less than 0.5
(warming effect) for flaming combustion (McMeeking et al., 2009).

Freshly emitted smoke aerosols undergo physical transforma-
tions and chemical aging as they are transported from source
regions to downwind impacted regions (e.g. secondary organic aer-
osol formation and oxidation) (Hennigan et al., 2011; Pratt et al,,
2011; Martin et al., 2013). Two further factors may come into play
and as the smoke aerosol ages: a decrease in MCE is linked to a
higher NH5 to total N emission ratio, and larger emission factors
for most gas-phase hydrocarbon species (McMeeking et al.,
2009). Both favor secondary PM formation via formation of ammo-
niated salt species and secondary organic aerosols, respectively.

Management alternatives vary in terms of their consequences
for air quality and human health. Mechanical treatments and effec-
tive fire suppression have little or no impacts on air quality, while
wildfires clearly have severe impacts on air quality, with little
warning to mitigate impacts on sensitive populations. Hence any
reduction in fire frequency, severity, and extent due to mechanical
thinning and, to a lesser extent, prescribed fire can reduce air qual-
ity impacts. In lower montane and upper montane forests, restora-
tion of a historical forest structure and the fire process by these
treatments is likely to decrease the risk of severe and extensive

Ecol. Manage. (2014), http://dx.doi.org/10.1016/j.foreco.2014.04.005

Please cite this article in press as: Rocca, MLE,, et al. Climate change impacts on fire regimes and key ecosystem services in Rocky Mountain forests. Forest



http://dx.doi.org/10.1016/j.foreco.2014.04.005

12 ML.E. Rocca et al./Forest Ecology and Management xxx (2014) XxX—Xxx

wildfires, and hence the air quality impacts. In pifion-juniper and
subalpine forests, mechanical thinning and prescribed fire will
have a smaller effect on future wildfires and hence have less of
an air quality benefit (Table 2). In lower and upper montane forests
prescribed fire should substitute limited and somewhat controlla-
ble air quality impacts over repeated burn periods for severe,
unplanned air quality events. Smoke concerns from prescribed
fires can usually be minimized, but not eliminated, by burning
when atmospheric conditions are more conducive to smoke dis-
persion. The fuel and atmospheric conditions largely control
whether a fire is flaming or smoldering and, again, this can be par-
tially controlled by the choice of conditions for burning. The prob-
lem is that the conditions that may be most conducive to reducing
air quality impacts (high dispersal and flaming rather than smol-
dering combustion) may not always be consistent with prescribed
fire objectives, especially reducing the risk of fire escape.

5.5. Conservation of biodiversity

Plant and animal species that depend on forested ecosystems
will have to respond to both the direct impacts of the future cli-
mate and to the indirect climate impacts brought by habitat
changes and altered fire regimes. The response of individual spe-
cies will often be difficult to predict, and management alternatives
will likely need to be assessed on a species- and location-specific
basis (McKenzie et al., 2004). It is reasonable to assume, however,
that restoration and maintenance of a fire regime within the his-
torical range of variability of a forested landscape would be the
best way to mimic the conditions that supported diverse suites
of flora and fauna during their evolutionary histories. Further,
maintaining high spatial variability within the historical range of
variability is essential to preserving the habitat requirements of a
diverse range of plant and animal species (Allen et al., 2002;
Kotliar et al., 2007; Floyd, 2003). The comparison of management
alternatives in Table 2, therefore, largely summarizes the tradeoffs
that would be expected between approaches in terms of biodiver-
sity. Research on the effects of climate change and fire manage-
ment alternatives on biodiversity in the Rocky Mountain region
is scarce, but here we summarize the research results from recent
studies.

5.5.1. Pifion-juniper woodlands

The complex structure of persistent pifion-juniper woodlands
on the Colorado Plateau supports a high diversity of avian, mam-
mal, and herbaceous species richness including several endemic
or endangered plants (Floyd, 2003). Several plants that germinate
following fire are also native to pifion-juniper woodlands in the
region (Floyd and Colyer, 2003). Unfortunately, fires also allow
for the invasion of exotic plant species such as thistles, knapweeds,
and cheatgrass, which threaten native biodiversity (Romme et al.,
2003b; Floyd et al., 2006). Drastic changes to fire regimes brought
by climate change and/or cheatgrass invasion have the potential to
threaten this native biodiversity. However, it is unlikely that man-
agement strategies other than fire suppression can prevent the
extensive fires that may lead eventually to a loss of pifion-juniper
woodland habitat. Further, prescribed fire and mechanical thinning
may have unintended negative consequences. For example, pre-
scribed fires may kill old pifion and juniper trees, which are not
adapted to fire, changing the ecosystem from a woodland to a more
open savanna and, eventually, a shrubland (Floyd, 2003), altering
the habitat for many animal species. Cheatgrass invasion is also
likely to be exacerbated by prescribed fire activities. Mechanical
treatments are also often associated with cheatgrass invasion
(Owen et al., 2009; Ross et al., 2012) and loss of habitat for wood-
land obligate animals (Crow and van Riper, 2010).

5.5.2. Lower, upper montane, and subalpine forests

Lower montane forests are believed to have supported a diverse
understory flora, but studies of reference conditions for ponderosa
forests come mostly from studies in the Southwest region. Never-
theless, studies of restoration treatments that use mechanical thin-
ning and/or prescribed fire have shown an increase in understory
diversity relative to untreated forests in the lower montane
(Dodson et al., 2007; Wolk and Rocca, 2009). Findings from a
recent experiment on the effects of prescribed fire and mechanical
treatment showed that thinning and prescribed fire lead to differ-
ent understory floras, and that mechanical treatment followed by
prescribed fire led to the highest native species diversity, but also
the most invasive species (Dodson and Fiedler, 2006; Metlen and
Fiedler, 2006). Wildfire in the lower montane appears to favor exo-
tic plant species, especially where fire severity is high (Hunter
et al., 2006; Freeman et al., 2007; Fornwalt et al., 2010). There
are very few studies on the effects of alternative management
practices on herbaceous biodiversity in upper montane and subal-
pine forests in the Rocky Mountain region. However, wildfire has
been shown to benefit plant diversity following subalpine forest
fires in the greater Yellowstone area (e.g., Turner et al., 1997;
Doyle et al., 1998).

Wildlife species including ungulates, small mammals, and birds
respond strongly to the diversity of stand structures created by
low-severity and high-severity fires across all Rocky Mountain for-
est types. Wildlife species including Canada lynx (Lynx canadensis;
Ruggiero et al., 2000), elk (Cervus elaphus; Pearson et al., 1995), and
American three-toed woodpecker (Picoides dorsalis; Kotliar et al.,
2008) respond to spatial heterogeneity in fire severity and/or forest
structure at a variety of spatial scales. Such complex patterns of fire
severities are difficult to replicate in planned treatments (Kotliar
et al., 2007). Efforts to introduce low severity surface fires in lower
montane landscapes will not be sufficient to create the habitat
required by bird species that associate with stand-replacement
burns or the variety of wildlife species that require undisturbed
forest habitats. Therefore, a diversity of management approaches,
including high-severity wildfire, may be necessary to create habi-
tat for the full suite of avian and mammalian biodiversity (Hutto,
1995; Kotliar et al., 2007; Zwolak and Foresman, 2007). The upper
montane zone would be a prime area for implementing treatments
designed to create landscape heterogeneity since a mixture of
stand structures historically characterized the forests there.

6. Conclusions

The objectives of this paper were: (1) to characterize the likely
short- and longer-term effects of projected climate changes on fuel
dynamics and fire regimes for four generalized forest types in the
Rocky Mountain region; (2) to review how these changes are likely
to affect carbon sequestration, water resources, air quality, and
biodiversity; and (3) to assess the suitability of four different man-
agement alternatives to mitigate these effects and maintain forest
ecosystem services. By necessity we take a broad-based approach,
and this also is appropriate given the variation in forest conditions
and the fact that future climate projections show a clear warming
but do not show a definitive trend in precipitation. The consensus
of forecasts for a warmer climate is a short-term increase in fire
risk for each of the four main forest types, with the largest
increases in the southern part of the region. Climate change also
is projected to cause a short-term increase fire severity in the
lower and upper montane forests, exacerbated by changes in fuel
loads and stand structures resulting from past fire exclusion. Fire
severity will not greatly increase in pifion-juniper woodlands and
subalpine forests as historical fires were already predominately
high-severity.
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Over the longer term, after the next fire modifies existing fuel
loads, the projections for future fire regimes are less certain due
in large part to the uncertainty in the forecasts for future precip-
itation, the role of invasive annual grasses, future land manage-
ment and land use changes, and how the changes in climate,
fire frequency and severity will affect forest productivity. Hence,
climate change may either enhance or mitigate fire risk, depend-
ing on whether fuels become dryer or wetter in each location and
whether the increased warming causes a decrease in forest
growth due to drying and increased fire frequencies, or an
increase in growth due to warming, particularly at higher eleva-
tions. In fuel-limited ecosystems such as pifion-juniper and por-
tions of the lower montane, fires are projected to become less
frequent since these forests are likely to become less productive
due to the warmer and possibly drier conditions. In forest types
where fires are climate-limited, such as the upper montane and
subalpine, fire frequency may increase as fuel production does
not limit fire occurrence, and the fire season will increase in
length and severity due to the lighter snowpack, earlier snow-
melt, increased fire season length, and warmer temperatures.
These changes will almost certainly overwhelm any possible
increases in precipitation.

We also assessed how each these projected trajectories in fire
frequency and severity are likely to affect four key ecosystem ser-
vices: carbon sequestration, runoff and water quality, air quality,
and biodiversity. To some extent, impacts on ecosystem services
can be influenced by future forest management alternatives. In
pifion-juniper, management actions that prevent wildfire and
increase fire suppression effectiveness would help to preserve
woodland structure and its associated biodiversity, limit opportu-
nities for annual grass invasion, maintain carbon stocks, and pre-
serve water and air quality. In lower and upper montane forests,
both prescribed fire and mechanical treatments have the potential
to restore and maintain historical forest structure, promote native
diversity, and lower the risk of severe air quality events. Treated
forests will store less carbon than untreated forests but, in mon-
tane ecosystems, should be more resistant to type conversion
and the associated long-term loss of carbon stock. Where feasible,
prescribed fire in these forests may be the better choice for mim-
icking a natural process and promoting biodiversity, whereas
mechanical treatments produce many of the benefits of prescribed
fire without associated air quality concerns or the risk of fire
escape. Finally, in subalpine forests, allowing wildfires to burn
where possible would mimic the natural fire process in these sys-
tems, benefit forest species, and maintain carbon stores. However,
wildfires come with drawbacks in terms of potential increases in
erosion and episodes of poor air quality.

The feasibility of alternative fire management approaches will
be greatly constrained by local considerations such as land owner-
ship patterns, agency budgets and logistics, federal and local poli-
cies, tolerance of risk, and landscape context. Further, our
assessment shows that there tend to be tradeoffs among manage-
ment alternatives, and that often no single management strategy
will simultaneously optimize each of the four ecosystem services
considered here. Nevertheless, some management approaches
may be more beneficial than others for conserving forest ecosys-
tem services, and these will vary widely by forest type. Key
research needs include the relative roles of fuel versus climate lim-
itation in the risk, occurrence, and severity of future fires across the
forested zones of the Rocky Mountains, and how land management
activities will interact with climate to impact forest ecosystem ser-
vices in the region. Despite remaining uncertainties, our current
knowledge is sufficient to make informed management decisions
that reasonably weigh the likely consequences of alternative man-
agement strategies under a future climate.

Acknowledgement

We thank two anonymous reviews for their comments on an
earlier version of this paper.

References

Adams, M.A., 2013. Mega-fires, tipping points and ecosystem services: Managing
forests and woodlands in an uncertain future. For. Ecol. Manag. 294, 250-261.

Agee, ].K., 1993. Fire ecology of Pacific Northwest forests. Island Press, Washington,
DC.

Agee, J.K,, 1998. The landscape ecology of western forest fire regimes. Northwest
Sci. 72, 24-33.

Agee, J.K., Skinner, C.N., 2005. Basic principles of forest fuel reduction treatments.
For. Ecol. Manage. 211, 83-96.

Allen, C.D., Savage, M., Falk, D.A., Suckling, K.F., Swetnam, T.W., Schulke, T., Stacey,
P.B., Morgan, P., Hoffman, M., Klingel, J.T., 2002. Ecological restoration of
Southwestern ponderosa pine ecosystems: a broad perspective. Ecol. Appl. 12,
1418-1433.

Arno, S.F., Scott, ].H., Hartwell, M.G., 1995. Age structure of old-growth ponderosa
pine/Douglas fir stands and its relationship to fire history. Usda Forest Service
Intermountain Research Station Research Paper, 1-25.

Bachelet, D., Neilson, R.P., Hickler, T., Drapek, R.]J., Lenihan, ].M., Sykes, M.T., Smith,
B., Sitch, S., Thonicke, K., 2003. Simulating past and future dynamics of natural
ecosystems in the United States. Global Biogeochem. Cycl. 17.

Baker, W.L., Shinneman, D.]., 2004. Fire and restoration of pinon-juniper woodlands
in the western United States: a review. For. Ecol. Manage. 189, 1-21.

Baker, W.L., Veblen, T.T., Sherriff, R.L., 2007. Fire, fuels and restoration of ponderosa
pine-Douglas fir forests in the Rocky Mountains, USA. J. Biogeogr. 34, 251-269.

Battaglia, M.A,, Rocca, M.E., Rhoades, C.C., Ryan, M.G., 2010. Surface fuel loadings
within mulching treatments in Colorado coniferous forests. For. Ecol. Manage.
260, 1557-1566.

Benavides-Solorio, ].D.D., MacDonald, L.H., 2005. Measurement and prediction of
post-fire erosion at the hillslope scale, Colorado Front Range. Int. J. Wildland
Fire 14, 457-474.

Berbery, E.H., Ciappesoni, H.C., Kalnay, E., 2008. The smoke episode in Buenos Aires,
15-20 April 2008. Geophys. Res. Lett. 35.

Blake, W.H., Droppo, I.G., Humphreys, G.S., Doerr, S.H., Shakesby, R.A., Wallbrink,
PJ., 2007. Structural characteristics and behavior of fire-modified soil
aggregates. ]. Geophys. Res. Earth Surf. 112.

Bormann, B.T., Homann, P.S., Darbyshire, R.L., Morrissette, B.A., 2008. Intense forest
wildfire sharply reduces mineral soil C and N: the first direct evidence. Can. J.
For. Res.-Revue Can. De Rec. For. 38, 2771-2783.

Bosch, J.M., Hewlett, ].D., 1982. A review of catchment experiments to determine
the effect of vegetation changes on water yield and evapotranspiration. J.
Hydrol. 55, 3-23.

Brooks, M.L., D’Antonio, C.M., Richardson, D.M., Grace, ].B., Keeley, J.E., DiTomaso,
J.M., Hobbs, R/, Pellant, M., Pyke, D., 2004. Effects of invasive alien plants on fire
regimes. Bioscience 54, 677-688.

Brown, S.H., 2011. The impact of wildland fire and fire mitigation on forest carbon
storage. Ph.D. Thesis, Botany Department, Program in Ecology. University of
Wyoming.

Brown, P.M., Wu, R., 2005. Climate and disturbance forcing of episodic tree
recruitment in a southwestern ponderosa pine landscape. Ecology 86, 3030-
3038.

Brown, P.M., Kaufmann, M.R., Shepperd, W.D., 1999. Long-term, landscape patterns
of past fire events in a montane ponderosa pine forest of central Colorado.
Landsc. Ecol. 14, 513-532.

Brown, T.J., Hall, B.L, Westerling, A.L., 2004. The impact of twenty-first century
climate change on wildland fire danger in the western United States: an
applications perspective. Clim. Change 62, 365-388.

Burke, E.J., Brown, S.J., Christidis, N., 2006. Modeling the recent evolution of global
drought and projections for the twenty-first century with the hadley centre
climate model. J. Hydrometeorol. 7, 1113-1125.

Calkin, D., Gebert, K., 2006. Modeling fuel treatment costs on forest service lands in
the western United States. West. ]. Appl. Forest. 21, 217-221.

Campbell, J.L., Harmon, M.E., Mitchell, S.R., 2012. Can fuel-reduction treatments
really increase forest carbon storage in the western US by reducing future fire
emissions? Front. Ecol. Environ. 10, 83-90.

Caprio, A.C., Swetnam, T.W., 1995. Historic fire regimes along an elevational
gradient on the west slope of the Sierra Nevada, California. In: Brown, J.K.,
Mutch, RW., Spoon, C.W., Wakimoto, R.H. (Eds.), Proceedings: Symposium on
fire in wilderness and park management: past lessons and future opportunities,
March 30-April1,1993, Missoula, MT. U.S. Department of Agriculture, Forest
Service, Intermountain Research Station, Ogden, UT, pp. 173-179.

Carrico, C.M., Kreidenweis, S.M., Malm, W.C., Day, D.E., Lee, T., Carrillo, J.,
McMeeking, G.R., Collett, ].L., 2005. Hygroscopic growth behavior of a carbon-
dominated aerosol in Yosemite National Park. Atmos. Environ. 39, 1393-1404.

Carrico, C.M., Petters, M.D., Kreidenweis, S.M., Sullivan, A.P., McMeeking, G.R., Levin,
EJ.T., Engling, G., Malm, W.C., Collett, J.L., 2010. Water uptake and chemical
composition of fresh aerosols generated in open burning of biomass. Atmos.
Chem. Phys. 10, 5165-5178.

Ecol. Manage. (2014), http://dx.doi.org/10.1016/j.foreco.2014.04.005

Please cite this article in press as: Rocca, MLE,, et al. Climate change impacts on fire regimes and key ecosystem services in Rocky Mountain forests. Forest



http://refhub.elsevier.com/S0378-1127(14)00230-8/h9000
http://refhub.elsevier.com/S0378-1127(14)00230-8/h9000
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0005
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0005
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0010
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0010
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0015
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0015
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0020
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0020
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0020
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0020
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0025
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0025
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0025
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0030
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0030
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0030
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0035
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0035
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0040
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0040
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0045
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0045
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0045
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0050
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0050
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0050
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0055
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0055
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0060
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0060
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0060
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0065
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0065
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0065
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0070
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0070
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0070
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0075
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0075
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0075
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0085
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0085
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0085
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0090
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0090
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0090
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0095
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0095
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0095
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0100
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0100
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0100
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0105
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0105
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0110
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0110
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0110
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0120
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0120
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0120
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0125
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0125
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0125
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0125
http://dx.doi.org/10.1016/j.foreco.2014.04.005

14 M.E. Rocca et al./Forest Ecology and Management xxx (2014) XXx—xXX

Cayan, D.R., Kammerdiener, S.A., Dettinger, M.D., Caprio, .M., Peterson, D.H., 2001.
Changes in the onset of spring in the western United States. Bull. Am. Meteorol.
Soc. 82, 399-415.

Chen, LW.A,, Verburg, P., Shackelford, A., Zhu, D., Susfalk, R., Chow, ].C., Watson, ].G.,
2010. Moisture effects on carbon and nitrogen emission from burning of
wildland biomass. Atmos. Chem. Phys. 10, 6617-6625.

Clow, D.W., 2010. Changes in the timing of snowmelt and streamflow in colorado: a
response to recent warming. J. Clim. 23, 2293-2306.

Cram, D.S., Baker, T.T., Fernald, A.G., Madrid, A., Rummer, B., 2007. Mechanical
thinning impacts on runoff, infiltration, and sediment yield following fuel
reduction treatments in a southwestern dry mixed conifer forest. J. Soil Water
Conserv. 62, 359-366.

Crow, C., van Riper, C., 2010. Avian community responses to mechanical thinning of
a pinyon-juniper woodland: specialist sensitivity to tree reduction. Nat. Areas J.
30, 191-201.

de Groot, W.J., Flannigan, M.D., Cantin, A.S., 2013. Climate change impacts on future
boreal fire regimes. For. Ecol. Manage. 294, 35-44.

DeMott, P.J., Petters, M.D., Prenni, AJ., Carrico, C.M., Kreidenweis, S.M., Collett, J.L.,
Moosmuller, H., 2009. Ice nucleation behavior of biomass combustion particles
at cirrus temperatures. J. Geophys. Res. Atmos. 114.

Diggins, C., Fule, P.Z., Kaye, J.P., Covington, W.W., 2010. Future climate affects
management strategies for maintaining forest restoration treatments. Int. J.
Wildland Fire 19, 903-913.

Dodson, E.K., Fiedler, C.E., 2006. Impacts of restoration treatments on alien
plant invasion in Pinus ponderosa forests, Montana, USA. ]. Appl. Ecol. 43,
887-897.

Dodson, E.K., Metlen, K.L., Fiedler, C.E., 2007. Common and uncommon understory
species differentially respond to restoration treatments in ponderosa pine/
Douglas-fir forests, Montana. Restor. Ecol. 15, 696-708.

Donnegan, J.A., Veblen, T.T., Sibold, ].S., 2001. Climatic and human influences on fire
history in Pike National Forest, central Colorado. Can. J. For. Res.-Revue Can. De
Rec. For. 31, 1526-1539.

Doyle, K.M., Knight, D.H., Taylor, D.L., Barmore, W.]J., Benedict, ].M., 1998. Seventeen
years of forest succession following the Waterfalls Canyon Fire in Grand Teton
National Park, Wyoming. Int. J. Wildland Fire 8, 45-55.

Duclos, P., Sanderson, LM., Lipsett, M., 1990. The 1987 forest fire disaster
in California-assessment of emergency room visits. Arch. Environ. Health 45,
53-58.

Dunne, T., Leopold, L.B., 1978. Water in Environmental Planning. W.H. Freeman and
Company, New York.

Evangelista, P. Stohlgren, TJ. Guenther, D., Stewart, S., 2004. Vegetation
response to fire and postburn seeding treatments in juniper woodlands of the
Grand Staircase-Escalante National Monument, Utah. West. N. Am. Nat. 64,
293-305.

Falk, D.A., Heyerdahl, E.K., Brown, P.M., Farris, C., Fule, P.Z., McKenzie, D., Swetnam,
T.W., Taylor, A.H., Van Horne, M.L., 2011. Multi-scale controls of historical
forest-fire regimes: new insights from fire-scar networks. Front. Ecol. Environ.
9, 446-454.

Finney, M.A., McHugh, CW., Grenfell, I.C., 2005. Stand- and landscape-level effects
of prescribed burning on two Arizona wildfires. Canadian Journal of Forest
Research-Revue Canadienne De Recherche Forestiere 35, 1714-1722.

Fire Executive Council, 2009. Guidance for implementation of federal wildland fire
management policy. US Department of Agriculture and US Department of
Interior, Washington, DC, USA.

Floyd, M.L.E., 2003. Ancient Pifion-juniper Woodlands a Natural History of Mesa
Verde Country. University Press of Colorado, Boulder.

Floyd, M.L., Colyer, M., 2003. Beneath the trees: shrubs, herbs, and some surprising
rarities. In: Floyd, M.L. (Ed.), Ancient Pifion-juniper Woodlands a Natural
History of Mesa Verde Country. University Press of Colorado, Boulder, pp. 31-
60.

Floyd, M.L,, Romme, W.H., Hanna, D.D., 2000. Fire history and vegetation pattern in
Mesa Verde National Park, Colorado, USA. Ecol. Appl. 10, 1666-1680.

Floyd, M.L., Hanna, D.D., Romme, W.H., 2004. Historical and recent fire regimes in
Pinon-Juniper woodlands on Mesa Verde, Colorado, USA. For. Ecol. Manage. 198,
269-289.

Floyd, M.L,, Hanna, D., Romme, W.H., Crews, T.E., 2006. Predicting and mitigating
weed invasions to restore natural post-fire succession in Mesa Verde National
Park, Colorado, USA. Int. J. Wildland Fire 15, 247-259.

Fornwalt, PJ., Kaufmann, M.R,, Stohlgren, T.J., 2010. Impacts of mixed severity
wildfire on exotic plants in a Colorado ponderosa pine-Douglas-fir forest. Biol.
Invasions 12, 2683-2695.

Freeman, J.P., Stohlgren, T.J., Hunter, M.E., Omi, P.N., Martinson, E.J., Chong, G.W.,
Browns, C.S., 2007. Rapid assessment of postfire plant invasions in coniferous
forests of the western united states. Ecol. Appl. 17, 1656-1665.

Friederici, P. (Ed.), 2003. Ecological Restoration of Southwestern Ponderosa Pine
Forests. Island Press, Washington, DC, USA.

Goldammer, J.G., Price, C., 1998. Potential impacts of climate change on fire regimes
in the tropics based on MAGICC and a GISS GCM-derived lightning model. Clim.
Change 39, 273-296.

Graham, R,, Finney, M., McHugh, C., Cohen, J., Stratton, R., Bradshaw, L., Nikolov, N.,
Calkin, D., 2011. Fourmile Canyon Fire Preliminary Findings. US Department of
Agriculture Forest Service, Rocky Mountain Research Station, <http://
www.conservationgateway.org/sites/default/files/fourmile.pdf>.

Grissino-Mayer, H.D., Romme, W.H., Floyd, M.L,, Hanna, D.D., 2004. Climatic and
human influences on fire regimes of the southern San Juan Mountains,
Colorado, USA. Ecology 85, 1708-1724.

Gutzler, D.S., Robbins, T.O., 2011. Climate variability and projected change in the
western United States: regional downscaling and drought statistics. Clim. Dyn.
37, 835-849.

Hennigan, CJ., Miracolo, M.A., Engelhart, G.J., May, A.A., Presto, A.A., Lee, T., Sullivan,
A.P., McMeeking, G.R., Coe, H., Wold, C.E., Hao, W.M., Gilman, ].B., Kuster, W.C.,
de Gouw, J., Schichtel, B.A., Collett, ].L., Kreidenweis, S.M., Robinson, A.L., 2011.
Chemical and physical transformations of organic aerosol from the photo-
oxidation of open biomass burning emissions in an environmental chamber.
Atmos. Chem. Phys. 11, 7669-7686.

Hessl, A.E., 2011. Pathways for climate change effects on fire: Models, data, and
uncertainties. Prog. Phys. Geogr. 35, 393-407.

Heyerdahl, E.K., Brown, P.M., Kitchen, S.G., Weber, M.H., 2011. Multicentury fire and
forest histories at 19 sites in Utah and eastern Nevada. General Technical Report
RMRS-GTR-261. Fort Collins, CO: U.S. Department of Agriculture, Forest Service,
Rocky Mountain Research Station. 192 p.

Hjerpe, E., Abrams, J., Becker, D.R., 2009. Socioeconomic barriers and the role of
biomass utilization in south-western ponderosa restoration. Ecol. Res. 27, 169-
177.

Hoerling, M., Eischeid, J., 2007. Past peak water in the Southwest. Southwest Hydrol.
6, 18-35.

Hunter, M.E., Omi, P.N., Martinson, E.J., Chong, G.W., 2006. Establishment of non-
native plant species after wildfires: effects of fuel treatments, abiotic and biotic
factors, and post-fire grass seeding treatments. Int. J. Wildland Fire 15, 271-281.

Hurteau, M.D., Brooks, M.L., 2011. Short- and long-term effects of fire on carbon in
US dry temperate forest systems. Bioscience 61, 139-146.

Hurteau, M., North, M., 2009. Fuel treatment effects on tree-based forest carbon
storage and emissions under modeled wildfire scenarios. Front. Ecol. Environ. 7,
409-414.

Hurteau, M.D., North, M., 2010. Carbon recovery rates following different wildfire
risk mitigation treatments. For. Ecol. Manage. 260, 930-937.

Hutto, R.L., 1995. Composition of bird communities following stand-replacement
fires in northern Rocky Mountain (USA) conifer forests. Conserv. Biol. 9, 1041-
1058.

Jaffe, D, Chand, D., Hafner, W., Westerling, A., Spracklen, D., 2008a. Influence of fires
on O(3) concentrations in the western US. Environ. Sci. Technol. 42, 5885-5891.

Jaffe, D., Hafner, W., Chand, D., Westerling, A., Spracklen, D., 2008b. Interannual
variations in PM2.5 due to wildfires in the Western United States. Environ. Sci.
Technol. 42, 2812-2818.

Karwan, D.L., Gravelle, ]J.A., Hubbart, J.A., 2007. Effects of timber harvest on
suspended sediment loads in Mica Creek, Idaho. For. Sci. 53, 181-188.

Kashian, D.M., Romme, W.H., Tinker, D.B., Turner, M.G., Ryan, M.G., 2013. Postfire
changes in forest carbon storage over a 300-year chronosequence of Pinus
contorta-dominated forests. Ecol. Monogr. 83, 49-66.

Kaufmann, M.R., 1985. Annual transpiration in subalpine forests: large differences
among four species. For. Ecol. Manage. 13, 235-246.

Kaufmann, M.R., Regan, C.M., Brown, P.M., 2000. Heterogeneity in ponderosa pine/
Douglas-fir forests: age and size structure in unlogged and logged landscapes of
central Colorado. Can. ]. For. Res.-Revue Can. De Rec. For. 30, 698-711.

Keeley, J.E., 20009. Fire intensity, fire severity and burn severity: a brief review and
suggested usage. Int. ]. Wildland Fire 18, 116-126.

Keeley, J.E., Brennan, TJ., 2012. Fire-driven alien invasion in a fire-adapted
ecosystem. Oecologia 169, 1043-1052.

Keetch, ].J., Byram, G.M., 1968, revised 1988. A Drought Index for Forest Fire Control.
U.S.D.A. Forest Service Research Paper SE- 38.

Kitzberger, T., Brown, P.M., Heyerdahl, E.K., Swetnam, T.W., Veblen, T.T., 2007.
Contingent Pacific-Atlantic Ocean influence on multicentury wildfire synchrony
over western North America. Proc. Natl. Acad. Sci. USA 104, 543-548.

Kotliar, N.B., Kennedy, P.L., Ferree, K, 2007. Avifaunal responses to fire in
southwestern montane forests along a burn severity gradient. Ecol Appl 17,
491-507.

Kotliar, N.B., Reynolds, E.W., Deutschman, D.H., 2008. American three-toed
woodpecker response to burn severity and prey availability at multiple
spatial scales. Fire Ecol. 4, 216-245.

Krawchuk, M.A., Moritz, M.A., 2011. Constraints on global fire activity vary across a
resource gradient. Ecology 92, 121-132.

Krawchuk, M.A., Moritz, M.A., Parisien, M.A., Van Dorn, ]., Hayhoe, K., 2009. Global
pyrogeography: the current and future distribution of wildfire. PLoS One 4.
Kunze, M.D., Stednick, ].D., 2006. Streamflow and suspended sediment yield
following the 2000 Bobcat fire, Colorado. Hydrol. Process. 20, 1661-1681.
Larsen, LJ.,, MacDonald, L.H., Brown, E., Rough, D., Welsh, M.J., Pietraszek, J.H.,
Libohova, Z., Benavides-Solorio, J.D., Schaffrath, K., 2009. Causes of post-fire
runoff and erosion: water repellency, cover, or soil sealing? Soil Sci. Soc. Am. J.

73, 1393-1407.

Lavee, H., Kutiel, P., Segev, M., Benyamini, Y., 1995. Effect of surface-roughness on
runoff and erosion in a mediterranean ecosystem-the role of fire.
Geomorphology 11, 227-234.

Levin, E.J.T., McMeeking, G.R., Carrico, C.M., Mack, L.E., Kreidenweis, S.M., Wold, C.E.,
Moosmuller, H., Arnott, W.P., Hao, W.M., Collett, ].L., Malm, W.C., 2010. Biomass
burning smoke aerosol properties measured during Fire Laboratory at Missoula
Experiments (FLAME). J. Geophys. Res. Atmos. 115.

Lewis, K.A., Arnott, W.P.,, Moosmuller, H., Chakrabarty, RK., Carrico, C.M.,
Kreidenweis, S.M., Day, D.E., Malm, W.C., Laskin, A., Jimenez, ].L., Ulbrich, LM.,
Huffman, J.A., Onasch, T.B., Trimborn, A., Liu, L., Mishchenko, M.L, 2009.
Reduction in biomass burning aerosol light absorption upon humidification:
roles of inorganically-induced hygroscopicity, particle collapse, and
photoacoustic heat and mass transfer. Atmos. Chem. Phys. 9, 8949-8966.

Ecol. Manage. (2014), http://dx.doi.org/10.1016/j.foreco.2014.04.005

Please cite this article in press as: Rocca, M.E,, et al. Climate change impacts on fire regimes and key ecosystem services in Rocky Mountain forests. Forest



http://refhub.elsevier.com/S0378-1127(14)00230-8/h0130
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0130
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0130
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0135
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0135
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0135
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0140
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0140
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0145
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0145
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0145
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0145
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0150
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0150
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0150
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0155
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0155
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0160
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0160
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0160
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0165
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0165
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0165
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0170
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0170
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0170
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0175
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0175
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0175
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0180
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0180
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0180
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0185
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0185
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0185
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0190
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0190
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0190
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0195
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0195
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0200
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0200
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0200
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0200
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0205
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0205
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0205
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0205
http://refhub.elsevier.com/S0378-1127(14)00230-8/h9010
http://refhub.elsevier.com/S0378-1127(14)00230-8/h9010
http://refhub.elsevier.com/S0378-1127(14)00230-8/h9010
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0215
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0215
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0220
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0220
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0220
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0220
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0225
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0225
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0230
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0230
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0230
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0235
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0235
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0235
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0240
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0240
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0240
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0245
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0245
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0245
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0250
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0250
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0255
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0255
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0255
http://www.conservationgateway.org/sites/default/files/fourmile.pdf
http://www.conservationgateway.org/sites/default/files/fourmile.pdf
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0265
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0265
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0265
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0270
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0270
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0270
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0275
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0275
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0275
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0275
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0275
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0275
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0280
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0280
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0290
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0290
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0290
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0295
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0295
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0300
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0300
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0300
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0305
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0305
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0310
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0310
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0310
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0315
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0315
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0320
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0320
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0320
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0325
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0325
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0330
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0330
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0330
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0335
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0335
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0340
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0340
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0340
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0345
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0345
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0350
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0350
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0350
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0355
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0355
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0360
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0360
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0370
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0370
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0370
http://refhub.elsevier.com/S0378-1127(14)00230-8/h9015
http://refhub.elsevier.com/S0378-1127(14)00230-8/h9015
http://refhub.elsevier.com/S0378-1127(14)00230-8/h9015
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0380
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0380
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0380
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0385
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0385
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0390
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0390
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0395
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0395
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0400
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0400
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0400
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0400
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0405
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0405
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0405
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0410
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0410
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0410
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0410
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0415
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0415
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0415
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0415
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0415
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0415
http://dx.doi.org/10.1016/j.foreco.2014.04.005

M.E. Rocca et al./Forest Ecology and Management xxx (2014) XXx—xXx 15

Libohova, Z., 2004. Effects of thinning and a wildfire on sediment production rates,
channel morphology, and water quality in the upper South Platte River
watershed. M.S. thesis. In. Colorado State University, Fort Collins, Colorado.

Littell, J.S., McKenzie, D., Peterson, D.L., Westerling, A.L., 2009. Climate and wildfire
area burned in western U.S. ecoprovinces, 1916-2003. Ecol. Appl. 19, 1003-
1021.

Liu, Y.Q., Stanturf, J., Goodrick, S., 2010. Trends in global wildfire potential in a
changing climate. For. Ecol. Manage. 259, 685-697.

Liu, Y.Q., Goodrick, S.L., Stanturf, J.A., 2013. Future U.S. wildfire potential trends
projected using a dynamically downscaled climate change scenario. For. Ecol.
Manage. 294, 120-135.

Loudermilk, E.L., Scheller, RM., Weisberg, PJ., Yang, ]., Dilts, T.E., Karam, S.L.,
Skinner, C., 2013. Carbon dynamics in the future forest: the importance of long-
term successional legacy and climate-fire interactions. Glob. Change Biol. 19,
3502-3515.

MacDonald, L.H., Stednick, ].D., 2003. Forests and water: a state-of-the-art report for
Colorado. CWRRI Completion Report No. 196, Colorado State University, Fort
Collins, CO. 65 pp.

Martin, M., Tritscher, T., Juranyi, Z., Heringa, M.F,, Sierau, B., Weingartner, E., Chirico,
R., Gysel, M., Prevot, A.S.H., Baltensperger, U., Lohmann, U., 2013. Hygroscopic
properties of fresh and aged wood burning particles. J. Aerosol Sci. 56, 15-29.

McCabe, G.J., Wolock, D.M., 2010. Long-term variability in Northern Hemisphere
snow cover and associations with warmer winters. Clim. Change 99, 141-153.

McKenzie, D., Gedalof, Z., Peterson, D.L., Mote, P., 2004. Climatic change, wildfire,
and conservation. Conserv. Biol. 18, 890-902.

McMeeking, G.R., Kreidenweis, S.M., Lunden, M., Carrillo, ]., Carrico, C.M., Lee, T.,
Herckes, P., Engling, G., Day, D.E., Hand, ]., Brown, N., Malm, W.C., Collett, J.L.,
2006. Smoke-impacted regional haze in California during the summer of 2002.
Agric. For. Meteorol. 137, 25-42.

McMeeking, G.R., Kreidenweis, S.M., Baker, S., Carrico, C.M., Chow, ].C., Collett, J.L.,
Hao, W.M., Holden, AS., Kirchstetter, T.W., Malm, W.C., Moosmuller, H.,
Sullivan, A.P., Wold, C.E., 2009. Emissions of trace gases and aerosols during
the open combustion of biomass in the laboratory. J. Geophys. Res. Atmos. 114.

Meehl, G.A., Covey, C., Delworth, T., Latif, M., McAvaney, B., Mitchell, ]J.F.B., Stouffer,
R.J., Taylor, K.EE., 2007. The WCRP CMIP3 multimodel dataset - a new era in
climate change research. Bull. Am. Meteorol. Soc. 88, 1383-1394.

Metlen, K.L., Fiedler, C.E., 2006. Restoration treatment effects on the understory of
ponderosa pine/Douglas-fir forests in western Montana, USA. For. Ecol. Manage.
222, 355-369.

Meyn, A., White, P.S., Buhk, C., Jentsch, A., 2007. Environmental drivers of large,
infrequent wildfires: the emerging conceptual model. Prog. Phys. Geogr. 31,
287-312.

Miller, C., Urban, D.L., 1999. Forest pattern, fire, and climate change in the Sierra
Nevada. Ecosystems 2, 76-87.

Miller, M.E., MacDonald, L.H., Robichaud, P.R., Elliot, W.J., 2011. Predicting post-fire
hillslope erosion in forest lands of the western United States. Int. J. Wildland
Fire 20, 982-999.

Moody, J.A., Martin, D.A., 2001. Hydrologic and sedimentation response of two
burned watersheds in Colorado. U.S. Geological Survey Water Resources
Investigative Report 01-4122, Denver, CO.

Moody, J.A., Martin, D.A., 2009. Synthesis of sediment yields after wildland fire in
different rainfall regimes in the western United States. Int. J. Wildland Fire 18,
96-115.

Morgan, P., Heyerdahl, E.K., Gibson, C.E., 2008. Multi-season climate synchronized
forest fires throughout the 20th century, northern Rockies, USA. Ecology 89,
717-728.

Mote, P.W., Hamlet, A.F., Clark, M.P., Lettenmaier, D.P., 2005. Declining mountain
snowpack in western north America. Bull. Am. Meteorol. Soc. 86, 39-+.

Naeher, L.P., Brauer, M., Lipsett, M., Zelikoff, ].T., Simpson, C.D., Koenig, J.Q., Smith,
K.R., 2007. Woodsmoke health effects: a review. Inhalation Toxicol. 19, 67-106.

National Research Council, 2008. Hydrologic Effects of a Changing Forest Landscape.
National Academies Press, Washington, DC.

National Research Council, 2011. Climate Stabilization Targets: Emissions,
Concentrations, and Impacts Over Decades to Millennia. National Academies
Press, Washington, DC.

Neary, D.G., Ryan, K.C,, DeBano, L.F., 2005. Wildland fire in ecosystems: effects of
fire on soils and water. USDA Forest Service Rocky Mountain Research Station
Gen. Tech. Rep. 42, vol. 4. Ogden, Utah.

Nielsen-Pincus, M., Charnley, S., Moseley, C., 2013. The influence of market
proximity on national forest hazardous fuels treatments. For. Sci. 59, 566-577.

Notaro, M., Mauss, A., Williams, J.W., 2012. Projected vegetation changes for the
American Southwest: combined dynamic modeling and bioclimatic-envelope
approach. Ecol. Appl. 22, 1365-1388.

Oltmans, SJ., Lefohn, A.S., Harris, J.M., Tarasick, D.W., Thompson, A.M., Wernli, H.,
Johnson, B.J., Novelli, P.C., Montzka, S.A., Ray, J.D., Patrick, L.C., Sweeney, C.,
Jefferson, A., Dann, T., Davies, J., Shapiro, M., Holben, B.N., 2010. Enhanced
ozone over western North America from biomass burning in Eurasia during
April 2008 as seen in surface and profile observations. Atmos. Environ. 44,
4497-4509.

O’Neill, S.M., Lahm, P.W., Fitch, M.J., Broughton, M., 2013. Summary and analysis of
approaches linking visual range, PM2.5 concentrations, and air quality health
impact indices for wildfires. ]. Air Waste Manage. Assoc. 63, 1083-1090.

Owen, S.M,, Sieg, C.H., Gehring, C.A., Bowker, M.A., 2009. Above- and belowground
responses to tree thinning depend on the treatment of tree debris. For. Ecol.
Manage. 259, 71-80.

Park, RJ., Jacob, D.J., Logan, J.A., 2007. Fire and biofuel contributions to annual mean
aerosol mass concentrations in the United States. Atmos. Environ. 41, 7389-
7400.

Parsons, A., Robichaud, P.R., Lewis, S.A., Napper, C., Clark, ].T., 2010. Field guide for
mapping post-fire burn severity. Gen. Tech. Rep. RMRS-GTR-243, USDA Forest
Service, Fort Collins, CO. 49 pp.

Pataki, D.E., Oren, R., Smith, W.K., 2000. Sap flux of co-occurring species in a western
subalpine forest during seasonal soil drought. Ecology 81, 2557-2566.

Pearson, S.M., Turner, M.G., Wallace, L.L., Romme, W.H., 1995. Winter habitat use by
large ungulates following fire in northern Yellowstone National Park. Ecol. Appl.
5, 744-755.

Petters, M.D., Parsons, M.T., Prenni, AJ., DeMott, P.J., Kreidenweis, S.M., Carrico,
C.M., Sullivan, A.P., McMeeking, G.R.,, Levin, E., Wold, CE., Collett, J.L,
Moosmuller, H., 2009. Ice nuclei emissions from biomass burning. ]. Geophys.
Res. Atmos. 114.

Pope, C.A., Dockery, D.W., 2006. Health effects of fine particulate air pollution: Lines
that connect. J. Air Waste Manage. Assoc. 56, 709-742.

Pope, C.A., Ezzati, M., Dockery, D.W., 2009. Fine-particulate air pollution and life
expectancy in the United States. N. Engl. ]. Med. 360, 376-386.

Pratt, K.A., Murphy, S.M., Subramanian, R., DeMott, P.J., Kok, G.L., Campos, T., Rogers,
D.C., Prenni, A.J., Heymsfield, A]., Seinfeld, ].H., Prather, K.A., 2011. Flight-based
chemical characterization of biomass burning aerosols within two prescribed
burn smoke plumes. Atmos. Chem. Phys. 11, 12549-12565.

Price, C., Rind, D., 1994. The impact of a 2-x-CO, climate on lightning caused fires. J.
Clim. 7, 1484-1494.

Quinn-Davidson, L.N., Varner, ].M., 2012. Impediments to prescribed fire across
agency, landscape and manager: an example from northern California. Int. J.
Wildland Fire 21, 210-218.

Ray, AJ., Barsugli, ].J., Averyt, K.B., Wolter, K., Hoerling, M., Doesken, N., Udall, D.,
Webb., R.S., 2008. Climate change in Colorado: A synthesis to support water
resources management and adaptation. A report for the Colorado Water
Conservation Board by the NOAA-CU Western Water Assessment, Boulder,
Colorado, USA. <http://www.crwcd.org/media/uploads/200810_wwa_climate_
change_assess.pdf>.

Reid, ].S., Koppmann, R., Eck, T.F., Eleuterio, D.P., 2005. A review of biomass burning
emissions part II: intensive physical properties of biomass burning particles.
Atmos. Chem. Phys. 5, 799-825.

Reinhardt, E.D., Keane, RE., Calkin, D.E., Cohen, ].D., 2008. Objectives and
considerations for wildland fuel treatment in forested ecosystems of the
interior western United States. For. Ecol. Manage. 256, 1997-2006.

Renard, K.G., Foster, G.R., Weesies, G.A., McCool, D.K., Yoder, D.C., 1997. Predicting
soil erosion by water: a guide to conservation planning with the Revised
Universal Soil Loss Equation (RUSLE). USDA Agriculture Handbook no. 703,
Washington, D.C. 384 pp.

Rhoades, C.C., Entwistle, D., Butler, D., 2011. The influence of wildfire extent and
severity on streamwater chemistry, sediment and temperature following the
Hayman Fire, Colorado. Int. J. Wildland Fire 20, 430-442.

Robichaud, P.R., 2000. Fire effects on infiltration rates after prescribed fire in
Northern Rocky Mountain forests, USA. ]J. Hydrol. 231, 220-229.

Robichaud, P.R., MacDonald, L.H., Foltz, R.B., 2010. Chapter 5: Fuel management and
erosion. In Cumulative Effects of Fuels Management in the Western United
States, USDA Forest Service General Technical Report RMRS-231, Fort Collins,
CO, pp. 79-100.

Roccaforte, J.P., Fule, P.Z., Chancellor, W.W., Laughlin, D.C., 2012. Woody debris and
tree regeneration dynamics following severe wildfires in Arizona ponderosa
pine forests. Can. ]. For. Res.-Revue Can. De Rec. For. 42, 593-604.

Rollins, M.G., Morgan, P., Swetnam, T., 2002. Landscape-scale controls over 20(th)
century fire occurrence in two large Rocky Mountain (USA) wilderness areas.
Landsc. Ecol. 17, 539-557.

Romme, W.H., Floyd-Hanna, M.L., Hanna, D.D., 2003a. Ancient pifion-juniper forests
of Mesa Verde and the West: A cautionary note for forest restoration programs.
In, Proceedings of the conference on Fire, Fuel Treatments, and Ecological
Restoration: Proper Place, Appropriate Time. USDA Forest Service, Colorado
State University.

Romme, W.H,, Oliva, S., Floyd, M.L., 2003b. Threats to the Pifion-juniper woodlands.
In: Floyd, M.L. (Ed.), Ancient Pifion-juniper Woodlands a Natural History of
Mesa Verde Country. University Press of Colorado, Boulder, pp. 339-360.

Romme, W.H., Allen, C.D., Balley, ].D., Baker, W.L., Bestelmeyer, B.T., Brown, P.M.,
Eisenhart, K.S., Floyd, M.L., Huffman, D.W., Jacobs, B.F., Miller, R.F., Muldavin,
E.H., Swetnam, T.W., Tausch, R.J., Weisberg, P.J., 2009. Historical and modern
disturbance regimes, stand structures, and landscape dynamics in pinon-
juniper vegetation of the Western United States. Rangeland Ecol. Manage. 62,
203-222.

Ross, M.R., Castle, S.C., Barger, N.N., 2012. Effects of fuels reductions on plant
communities and soils in a pifion-juniper woodland. J. Arid Environ. 79, 84-92.

Ruggiero, L.F., Squires, J.R., Buskirk, SW., Aubry, K.B., McKelvey, K.S., Koehler, G.,
Krebs, CJ., 2000. Ecology and conservation of lynx in the United States.
University Press of Colorado Boulder.

Ryan, M.G., Harmon, M.E., Birdsey, R.A., Giardina, C.P., Heath, L.S., Houghton, R.A.,
Jackson, R.B., McKinley, D.C., Morrison, J.F., Murray, B.C., Pataki, D.E., Skog, K.E.,
2010. A Synthesis of the Science on Forests and Carbon for U.S. Forests Issues in,
Ecology 13.

Ryan, K.C., Knapp, E.E., Varner, J.M., 2013. Prescribed fire in North American forests
and woodlands: history, current practice, and challenges. Front. Ecol. Environ.
11, E15-E24.

Ecol. Manage. (2014), http://dx.doi.org/10.1016/j.foreco.2014.04.005

Please cite this article in press as: Rocca, M.E,, et al. Climate change impacts on fire regimes and key ecosystem services in Rocky Mountain forests. Forest



http://refhub.elsevier.com/S0378-1127(14)00230-8/h0425
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0425
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0425
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0430
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0430
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0435
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0435
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0435
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0440
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0440
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0440
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0440
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0450
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0450
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0450
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0455
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0455
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0460
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0460
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0465
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0465
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0465
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0465
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0470
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0470
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0470
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0470
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0475
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0475
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0475
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0480
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0480
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0480
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0485
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0485
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0485
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0490
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0490
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0495
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0495
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0495
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0505
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0505
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0505
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0510
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0510
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0510
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0515
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0515
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0520
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0520
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0525
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0525
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0530
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0530
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0530
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0540
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0540
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0545
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0545
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0545
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0550
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0550
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0550
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0550
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0550
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0550
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0555
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0555
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0555
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0560
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0560
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0560
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0565
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0565
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0565
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0575
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0575
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0580
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0580
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0580
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0585
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0585
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0585
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0585
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0590
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0590
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0595
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0595
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0600
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0600
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0600
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0600
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0605
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0605
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0605
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0610
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0610
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0610
http://www.crwcd.org/media/uploads/200810_wwa_climate_change_assess.pdf
http://www.crwcd.org/media/uploads/200810_wwa_climate_change_assess.pdf
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0620
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0620
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0620
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0625
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0625
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0625
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0635
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0635
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0635
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0640
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0640
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0650
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0650
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0650
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0655
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0655
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0655
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0665
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0665
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0665
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0670
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0670
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0670
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0670
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0670
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0670
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0675
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0675
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0680
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0680
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0680
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0690
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0690
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0690
http://dx.doi.org/10.1016/j.foreco.2014.04.005

16 M.E. Rocca et al./Forest Ecology and Management xxx (2014) XXx—xXX

Schoennagel, T., Nelson, C.R., 2011. Restoration relevance of recent National Fire
Plan treatments in forests of the western United States. Front. Ecol. Environ. 9,
271-277.

Schoennagel, T., Veblen, T.T., Romme, W.H., 2004. The interaction of fire, fuels, and
climate across rocky mountain forests. Bioscience 54, 661-676.

Schoennagel, T., Veblen, T.T., Romme, W.H., Sibold, ].S., Cook, E.R., 2005. Enso and
pdo variability affect drought-induced fire occurrence in Rocky Mountain
subalpine forests. Ecol. Appl. 15, 2000-2014.

Schoennagel, T., Sherriff, R.L., Veblen, T.T., 2011. Fire history and tree recruitment in
the Colorado Front Range upper montane zone: implications for forest
restoration. Ecol. Appl. 21, 2210-2222.

Seager, R., Ting, M.F,, Held, L, Kushnir, Y., Lu, J., Vecchi, G., Huang, H.P., Harnik, N.,
Leetmaa, A, Lau, N.C,, Li, CH., Velez, ]J., Naik, N., 2007. Model projections of an
imminent transition to a more arid climate in southwestern North America.
Science 316, 1181-1184.

Shakesby, R.A., Doerr, S.H., 2006. Wildfire as a hydrological and geomorphological
agent. Earth-Sci. Rev. 74, 269-307.

Sherriff, R.L., Veblen, T.T., 2007. A spatially-explicit reconstruction of historical fire
occurrence in the ponderosa pine zone of the colorado front range. Ecosystems
10, 311-323.

Sherriff, R.L., Veblen, T.T., 2008. Variability in fire-climate relationships in ponderosa
pine forests in the Colorado Front Range. Int. ]. Wildland Fire 17, 50-59.

Shinneman, D.J., Baker, W.L, 2009. Environmental and climatic variables as
potential drivers of post-fire cover of cheatgrass (Bromus tectorum) in seeded
and unseeded semiarid ecosystems. Int. J. Wildland Fire 18, 191-202.

Sibold, J.S., Veblen, T.T., 2006. Relationships of subalpine forest fires in the Colorado
Front Range with interannual and multidecadal-scale climatic variation.
J. Biogeogr. 33, 833-842.

Sibold, ].S., Veblen, T.T., Gonzalez, M.E., 2006. Spatial and temporal variation in
historic fire regimes in subalpine forests across the Colorado Front Range in
Rocky Mountain National Park, Colorado, USA. ]. Biogeogr. 33, 631-647.

Smith, H.G., Sheridan, G.J., Lane, P.N.J., Nyman, P., Haydon, S., 2011. Wildfire effects
on water quality in forest catchments: a review with implications for water
supply. J. Hydrol. 396, 170-192.

Spracklen, D.V., Logan, J.A., Mickley, L., Park, RJ., Yevich, R., Westerling, A.L., Jaffe,
D.A., 2007. Wildfires drive interannual variability of organic carbon aerosol in
the western US in summer. Geophys. Res. Lett. 34.

Spracklen, D.V., Mickley, LJ., Logan, J.A., Hudman, R.C,, Yevich, R., Flannigan, M.D.,
Westerling, A.L., 2009. Impacts of climate change from 2000 to 2050 on wildfire
activity and carbonaceous aerosol concentrations in the western United States.
J. Geophys. Res. Atmos. 114.

Stephens, S.L., Mclver, ].D., Boerner, R.E]., Fettig, CJ., Fontaine, ].B., Hartsough, B.R.,
Kennedy, P.L, Schwilk, D.W., 2012. The effects of forest fuel-reduction
treatments in the United States. Bioscience 62, 549-560.

Stephens, S.L., Agee, ].K,, Fule, P.Z., North, M.P., Romme, W.H., Swetnam, T.W.,
Turner, M.G., 2013. Managing forests and fire in changing climates. Science 342,
41-42.

Swetnam, T.W., Betancourt, J.L, 1998. Mesoscale disturbance and ecological
response to decadal climatic variability in the American Southwest. ]. Clim.
11, 3128-3147.

Troendle, C.A., MacDonald, LH., Luce, C.H., Larsen, 1J., 2010. Chapter 7: Fuel
management and water yield. In: Cumulative Effects of Fuels Management in
the Western United States, USDA Forest Service General Technical Report
RMRS-231, Fort Collins, CO, pp. 126-148.

Turner, M.G., Romme, W.H., Gardner, R.H., Hargrove, W.W., 1997. Effects of fire size
and pattern on early succession in Yellowstone National Park. Ecol. Monogr. 67,
411-433.

Veblen, T.T., Kitzberger, T., Donnegan, J., 2000. Climatic and human influences on
fire regimes in ponderosa pine forests in the Colorado Front Range. Ecol. Appl.
10, 1178-1195.

Wagenbrenner, J.W., MacDonald, LH., Coats, RN., Robichaud, P.R., Brown, RE.,
submitted for publication. Effects of post-fire salvage logging and a skid trail
treatment on cover, soils, and sediment production. Submitted to Forest
Ecology and Management.

Westerling, A.L., Bryant, B.P., 2008. Climate change and wildfire in California. Clim.
Change 87, S231-5249.

Westerling, A.L., Hidalgo, H.G., Cayan, D.R.,, Swetnam, T.W., 2006. Warming and
earlier spring increase western US forest wildfire activity. Science 313, 940-
943.

Westerling, A.L., Turner, M.G., Smithwick, E.A.H., Romme, W.H., Ryan, M.G., 2011.
Continued warming could transform Greater Yellowstone fire regimes by mid-
21st century. Proc. Natl. Acad. Sci. USA 108, 13165-13170.

Wiedinmyer, C., Hurteau, M.D., 2010. Prescribed fire as a means of reducing forest
carbon emissions in the Western United States. Environ. Sci. Technol. 44, 1926~
1932.

Williams, J.W., Jackson, S.T., 2007. Novel climates, no-analog communities, and
ecological surprises. Front. Ecol. Environ. 5, 475-482.

Wolk, B., Rocca, M.E., 2009. Thinning and chipping small-diameter ponderosa pine
changes understory plant communities on the Colorado Front Range. For. Ecol.
Manage. 257, 85-95.

Wotawa, G., Trainer, M., 2000. The influence of Canadian forest fires on pollutant
concentrations in the United States. Science 288, 324-328.

Wu, S.L., Mickley, L]J., Leibensperger, E.M., Jacob, D.J., Rind, D., Streets, D.G., 2008.
Effects of 2000-2050 global change on ozone air quality in the United States. J.
Goeophys. Res. Atmos. 113.

Zwolak, R., Foresman, K.R. 2007. Effects of a stand-replacing fire on small-
mammal communities in montane forest. Can. J. Zool. - Rev. Can. Zool. 85,
815-822.

Please cite this article in press as: Rocca, M.E,, et al. Climate change impacts on fire regimes and key ecosystem services in Rocky Mountain forests. Forest

Ecol. Manage. (2014), http://dx.doi.org/10.1016/j.foreco.2014.04.005



http://refhub.elsevier.com/S0378-1127(14)00230-8/h0695
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0695
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0695
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0700
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0700
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0705
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0705
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0705
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0710
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0710
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0710
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0715
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0715
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0715
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0715
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0720
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0720
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0725
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0725
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0725
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0730
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0730
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0735
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0735
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0735
http://refhub.elsevier.com/S0378-1127(14)00230-8/h9020
http://refhub.elsevier.com/S0378-1127(14)00230-8/h9020
http://refhub.elsevier.com/S0378-1127(14)00230-8/h9020
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0740
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0740
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0740
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0745
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0745
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0745
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0750
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0750
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0750
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0755
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0755
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0755
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0755
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0760
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0760
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0760
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0765
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0765
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0765
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0770
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0770
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0770
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0780
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0780
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0780
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0785
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0785
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0785
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0790
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0790
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0795
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0795
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0795
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0800
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0800
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0800
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0805
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0805
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0805
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0810
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0810
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0815
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0815
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0815
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0820
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0820
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0825
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0825
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0825
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0830
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0830
http://refhub.elsevier.com/S0378-1127(14)00230-8/h0830
http://dx.doi.org/10.1016/j.foreco.2014.04.005

	Climate change impacts on fire regimes and key ecosystem services in Rocky Mountain forests
	1 Introduction
	1.1 Piñon-juniper woodlands
	1.2 Lower montane forests
	1.3 Upper montane forests
	1.4 Subalpine forests

	2 Conceptual model of fuel dynamics and fire regimes
	3 Climate projections and future fire regimes
	4 Future fire regimes in four forest types
	4.1 Piñon-juniper woodlands
	4.2 Lower montane forests
	4.3 Upper montane forests
	4.4 Subalpine forests

	5 Fire management alternatives
	5.1 Potential for management to mitigate changes in fire regimes and vegetation
	5.2 Carbon sequestration
	5.3 Water quantity and quality
	5.3.1 Effects of fires on runoff, erosion, and water quality
	5.3.2 Climate change effects on the fire regime, runoff, and erosion
	5.3.3 Effects of fire suppression
	5.3.4 Effects of thinning on runoff and erosion

	5.4 Air quality and human health
	5.5 Conservation of biodiversity
	5.5.1 Piñon-juniper woodlands
	5.5.2 Lower, upper montane, and subalpine forests


	6 Conclusions
	Acknowledgement
	References


