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a b s t r a c t
Quaking aspen (Populus tremuloides Michx.) is one of the most important tree species in the western United States due to its role in biodiversity, tourism, and other ecological and aesthetic values. This paper
provides an overview of the drivers of long-term aspen cover change in the western US and how these
drivers operate on diverse spatial and temporal scales. There has been substantial concern that aspen
has been declining in the western US, but trends of aspen persistence vary both geographically and temporally. One important goal for future research is to better understand long-term and broad-scale
changes in aspen cover across its range. Inferences about aspen dynamics are contingent on the spatial
and temporal scales of inquiry, thus differences in scope and design among studies partly explain variation among conclusions. For example, major aspen decline has been noted when the spatial scale of
inquiry is relatively small and the temporal scale of inquiry is relatively short. Thus, it is important to
consider the scale of research when addressing aspen dynamics.
Successional replacement of aspen by conifer species is most pronounced in systems shaped by long
ﬁre intervals and can thus be seen as part of a normal, long-term ﬂuctuation in forest composition. Aspen
decline was initially reported primarily at the margins of aspen’s distribution, but may be becoming more
ubiquitous due to the direct effects of climate (e.g. drought). In contrast, the indirect effects of recent climate (e.g. forest ﬁres, bark beetle outbreaks, and compounded disturbances) appear to favor aspen and
may facilitate expansion of this forest type. Thus, future aspen trends are likely to depend on the net
result of the direct and indirect effects of altered climate.
Ó 2013 Elsevier B.V. All rights reserved.

1. Introduction
Forest ecosystems are changing worldwide due to interacting
effects of climate change, altered disturbance regimes, invasive
species, and land use. Identifying short-term changes is informative for discerning acute impacts of these factors, but a comprehensive understanding of forest ecosystem dynamics also requires
examining processes driving ecological patterns at a range of spatial and temporal scales. Quaking aspen (Populus tremuloides
Michx.) is the most widely-distributed tree species in North America and the most widespread deciduous tree species in the United
States Rocky Mountains (Little, 1971; Perala, 1990). In the Rocky
Mountains and other regions, aspen forests exist in a wide variety
of ecological settings (Little, 1971; Mueggler, 1988), which necessitates a nuanced perspective in examining their ecological patterns and dynamics. There has been substantial concern that
aspen cover and condition have been declining over the past century in western US landscapes (e.g., Kay, 1997; Knight, 2001), but
the trends of aspen decline versus persistence appear to vary both
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geographically and temporally (e.g., Kulakowski et al., 2004, 2006;
Kashian et al., 2007; Kurzel et al., 2007; Sankey, 2008). Inferences
about trends in aspen decline are also likely to be contingent on the
spatial and temporal scales of inquiry (e.g. stand vs. landscape
scale and decadal vs. centennial scale) (Suzuki et al., 1999).
This paper provides an overview of the drivers of long-term aspen cover change in the western US and where possible, discusses
the cumulative consequences of those drivers on overall aspen cover. The dearth of aspen studies conducted at suitable temporal and
spatial scales precludes a comprehensive meta-analysis of longterm and broad-scale aspen cover trends at the time of this writing,
and such studies remain a top research priority. Nevertheless,
important advances have been made over the last decade that offer
a glimpse into the drivers and trends of both aspen cover change
and its responses to the direct (e.g. drought) and indirect (e.g. altered disturbance regimes) consequences of climate change.
More than a decade ago Knight (2001) stressed the need to
understand aspen dynamics in a long-term framework, and correctly speculated that widespread disturbances in the West in
the late 1800s and early 1900s may have increased the amount
of aspen in the Rocky Mountains. Several studies over the last decade have afﬁrmed Knight’s speculation that aspen decline may be
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understood as one phase in a series of normal ﬂuctuations and
have provided insight into these dynamics. Likewise, more than a
decade ago climate change was identiﬁed as a potential threat to
aspen forests (Knight, 2001), and since then a number of studies
have investigated the details of how climate is driving aspen mortality across its range.
As the extent of forest cover is ultimately a function of both tree
regeneration and mortality, we review key variables that drive
these two processes as well as their net result. Where possible,
we also discuss the overall changes in aspen cover at different
scales. Finally, we suggest potential areas of future research in aspen dynamics.
2. Study region
In this review we focus on quaking aspen in the western US,
where it is found in all thirteen western contiguous states and
Alaska and where it occurs at elevations up to 3500 m (Burns
et al., 1990). In New Mexico, Colorado, Utah, and Arizona, aspen
can form extensive pure stands, whereas in other regions aspen
patches can be smaller, though still ecologically important. The
ecological role of aspen across this region varies substantially with
biophysical setting, climate, disturbance regimes, and the presence
of other tree species. Although we aim to highlight some of this
variability, our review is limited by existing literature, which is
not equally distributed across the extent of aspen, but rather is
concentrated in several key states.
3. Characteristics of studies
Studies of aspen dynamics vary substantially in the temporal
and spatial scale at which they have been conducted. Given the difﬁculty of extrapolating across scales, it is critical to recognize this
variation when comparing studies. Studies that focus on small
areas or short time periods (e.g. Bartos and Campbell, 1998) are
valuable, but may not be easily or accurately scaled up to provide
insights into broad-scale and/or long-term patterns. Thus, studies
may lead to very different conclusions about aspen dynamics even
within the same study region depending on the spatial and temporal scale of observation. These differences, as well as geographic
variation in aspen ecology, can explain much of the varying and
at times contradictory conclusions among studies.
Compared to other forest types in the western United States, the
study of long-term aspen dynamics is encumbered by several
methodological limitations. Aspen ramets are relatively short-lived
and prone to heart-rot, which has made long-term (i.e. >100 year)
dendroecological studies difﬁcult. Second, stand-replacing disturbances such as ﬁres, which often re-initiate aspen stands, erase evidence of pre-disturbance stand conditions and processes
(Shinneman et al. this volume). Furthermore, although most studies of aspen focus primarily on above-ground stems, the clonal habit of aspen (Barnes, 1966) makes aging ramets relatively
uninformative for aging the clone itself. Additionally, studies of
forest dynamics are sometimes limited to reconstructions at the
scale of a stand (<c. 1000 ha), which although valuable for insights
into relatively ﬁne-scale processes, make broad-scale inferences
challenging. Consequently, landscape-to-regional studies of aspen
are often restricted to snapshots of aspen structure. The few
long-term or broad-scale assessments of aspen change have generally been based on analyses of repeat photographs or historical
maps, both of which facilitate discerning dynamics over larger extents more so than dendrocological studies, but which are hindered by the lack of available images representing most of the
western landscape. Methodological limitations of studying broadscale aspen dynamics are further complicated by the inherent
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diversity of scales at which the processes that drive aspen regeneration and mortality operate (Fig. 1), which necessitates that research and management be conducted at scales appropriate to
each driver. For example, browsing effects on aspen regeneration
are largely limited to areas of signiﬁcant ungulate populations
while the impacts of high-severity ﬁres on aspen regeneration is
most prevalent in subalpine forests.
4. Regeneration
Aspen regeneration dynamics are integral to aspen cover
change and have been the subject of much inquiry in the context
of disturbances, climate variability, and browsing by ungulates.
Adding complexity to the issue of aspen regeneration is its occasional regeneration by seed that complements the more common
vegetative reproduction. Sexual regeneration of aspen is much
more important to the overall genetic diversity of aspen (Mock
et al. this volume) than to overall aspen dominance at broad scales,
but is far less studied than asexual reproduction and thus is not as
well understood.
Variation in aspen ecology, even over relatively small distances,
may be partially explained by the clonal nature of aspen, in which
a clone contains genetically identical ramets but may differ morphologically, physiologically, and ecologically even from adjacent
clones (Barnes, 1966; Kemperman and Barnes, 1976; Mock et al.
this volume). This variation may lead to different regeneration
dynamics and other ecological properties. For example, Kemperman and Barnes (1976) were able to discern aspen clones in Utah
in part based on their distinct timing of spring leaf ﬂush.
Modes of aspen regeneration can vary even within a relatively
restricted area. Kurzel et al. (2007) found that in the majority (seven of eight) of seral stands (both aspen dominated and mixed aspen-conifer) in northwestern Colorado, regeneration of the stand
was associated with coarse-scale, severe disturbance by ﬁre. However, in the same study area, most aspen-dominated stands
showed signs of aspen self replacement despite presence of conifers. Furthermore, in persistent aspen stands showing no conifer

Fig. 1. Diversity of spatial and temporal scales for processes (white boxes) that
drive that aspen regeneration and mortality (grey oval) in the western US. Each
polygon represents the extent of a given process and thickness of the black border
represents the intensity of impact on aspen, such that thicker lines represent more
acute impacts. Processes range in inﬂuence from short scale and acute (e.g. ﬁre), to
broad scale and moderate (e.g. climate). When possible, research should occur at
spatial and temporal scales that reﬂect the scale of inﬂuence of that process.
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invasion, aspen were able to regenerate without severe disturbance. In fact, over 70% of the persistent aspen stands sampled
did not require coarse-scale disturbance to regenerate.
4.1. Fire and regeneration
Aspen regeneration is commonly described as proliﬁc clonal
resprouting following stand-replacing disturbances, of which ﬁre
is probably the most important (Bartos and Mueggler, 1981; Brown
and DeByle, 1987). Fire regimes in aspen forests are discussed in
detail in Shinneman et al. (this volume). In the context of understanding drivers of aspen cover, we emphasize that ﬁre regimes
in forests of the Rocky Mountains vary substantially in size, severity, and frequency with elevation and latitude. Furthermore, variation among aspen clones as well as biophysical setting within the
perimeter of a given ﬁre can contribute to ﬁne-scale variation in
regeneration in areas affected by large and severe disturbances.
Stand-replacing ﬁres kill both conifer and aspen canopy trees,
which creates favorable post-ﬁre conditions for the successful resprouting and initial dominance of the relatively shade-intolerant
aspen (Schier et al., 1985). As mentioned above, initiation of aspen
stands normally requires stand-replacing disturbances to eliminate competition from conifers or other species (Kashian et al.,
2007; Kurzel et al., 2007). In post-disturbance stands, especially
on favorable sites, aspen age structure will typically have a unimodal rather than a negative exponential distribution, the latter
being more often associated with continuous regeneration that is
not contingent on disturbances. Thus unimodal or bimodal age
structures can be indicative of typical post-disturbance stand
structure rather than a failure to regenerate (e.g. Smith and Smith,
2005).
Because aspen regeneration and initial dominance are generally
favored by ﬁres, ﬁre suppression (including cessation of burning by
Native Americans) has been among the major reasons proposed for
the decline of aspen (DeByle et al., 1987; Kay, 1997, 2001; Bartos,
2001). For example, Pierce and Taylor (2010) reported that in the
northern Sierra Nevada Mountains in California, ﬁres promoted aspen persistence and reduced competition from encroaching conifers, and that ﬁre suppression has made current forests more
suitable for shade-tolerant conifer species. Similar conclusions
have been reached in other systems as well (e.g. Strand et al.,
2009a, 2009b). Though ﬁre suppression has had a tangible effect
on forest structure and dynamics in various regions, the ecological
effects of ﬁre suppression vary widely across ecosystems (Schoennagel et al., 2004). Indeed, long intervals between natural disturbances in some forests of the Rocky Mountains have resulted in a
historically broad range of variation of forest structures, including
stand dominance by particular tree species (Kulakowski et al.,
2004, 2006). However, while ﬁre frequency decreased during the
20th century in forests and woodlands at xeric sites, lower elevations, and/or lower latitudes (Schoennagel et al. 2004), it is not
clear that ﬁre suppression has had a signiﬁcant effect at more mesic sites, higher elevations, and/or higher latitudes. These cooler
and wetter forests have historically been shaped primarily by a
history of large, infrequent, and severe ﬁres. The long intervals
between ﬁres in these systems make it unlikely that the past
50–90 years of ﬁre suppression has substantially changed the natural ﬁre regime of the majority of the landscape. Rather, limited
ﬁre occurrence during the 20th century may be within the range
of variation of the past several centuries (e.g., Sibold et al., 2006).
Age structures of aspen forests and long-term dynamics are
likely to reﬂect differences in ﬁre regimes where ﬁre is an important driver of aspen regeneration. For example, Kashian et al.
(2007) documented substantial aspen decline at lower elevations
where frequent, low-severity ﬁres were historically more easily
suppressed, compared to seral stands at higher elevations where

ﬁre intervals are long and ﬁres are high-severity and are less easily
suppressed.
Recent increases in ﬁres in the western US (e.g. Miller et al.,
2009) have favored vegetative regeneration of aspen and studies
across this region consistently report abundant aspen regeneration
following ﬁre. For example, seven years following a 2002 ﬁre in
southern Utah, resprouting aspen were abundant throughout the
burned area, although pre-ﬁre abundance of conifers was negatively correlated with post-ﬁre aspen stem density (Smith et al.,
2011). Stand-replacing ﬁres over the past three decades in Glacier
National Park, MT have promoted aspen resprouting and an increase in relative density of aspen from pre- to post-ﬁre forests
(McKenzie and Tinker, 2012). Likewise, in southwestern Colorado,
prescribed ﬁre following forest thinning resulted in signiﬁcant increases in aspen stem density (Korb et al., 2012). The stimulation of
aspen regeneration by recent ﬁres both supports assumptions
about historical relationships between ﬁre and aspen and also suggests a positive trajectory for aspen in post-ﬁre landscapes (Landhäusser et al., 2010).
4.2. Browsing and regeneration
Browsing by ungulates can exert a major inﬂuence on aspen
dynamics because intense browsing by elk on regenerating aspen,
particularly in elk winter ranges, can inhibit aspen recruitment
(Bartos and Mueggler, 1981; Bartos et al., 1994; Romme et al.,
1995; Baker et al., 1997; Suzuki et al., 1999; Ripple and Larsen,
2000; Hessl, 2002; Larsen and Ripple, 2003; Jones et al., 2009; Seager and Eisenberg this volume). For example, Kimble et al. (2011)
reported that winter ungulate browsing, conifer establishment,
and cattle (Bos spp.) grazing were the most important factors contributing to the decline in density of overstory stems. Similarly,
Binkley (2008) found that expected cohorts of aspen were missing
from Rocky Mountain National Park, perhaps due to browsing.
Kaye et al. (2005) found that elk browsing and conifer inﬁlling negatively affected aspen regeneration, while aspen growth and mortality were more resilient to these two inﬂuences. Likewise,
existing aspen stems in areas of widespread elk browsing seem
to be resilient to browsing (Kaye et al., 2003), suggesting that elk
browsing is most inﬂuential on aspen regeneration rather than
on the growth and survival of aspen that is already established.
The magnitude of browsing damage on aspen varies regionally
and locally with several key factors that affect elk populations.
Low snowpack in the Rocky Mountains leads to greater elk visitations and higher browse impacts on aspen stems (Brodie et al.,
2012). Conversely, areas inaccessible to elk (refugia) such as steep,
rocky slopes are free of the potentially detrimental effect of browsing on aspen regeneration (Kashian et al., 2007). Finally, as wolves
can affect elk populations, trophic cascades involving wolves, elk,
and aspen regeneration have been suggested (Ripple et al., 2001;
Kauffman et al., 2010), though these relationships can be complex
and time-lagged (e.g. Kimble et al., 2011). Although it is clear that
effects of browsing are most pronounced in elk winter ranges and
where predator pressure is low, limited spatial data on elk populations and the spatio-temporal variability in those populations
makes it challenging to generalize and predict the effects of browsing on aspen dynamics across broad regions.
4.3. Compounded disturbances and regeneration
A potentially important element affecting aspen regeneration,
and possibly broader landscape patterns, is the effect of compounded disturbances – i.e. disturbances that occur in relatively
short succession, such that a second disturbance occurs while the
ecosystem is still responding by establishment or reorganization
to a previous disturbance. It is generally recognized that post-ﬁre
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aspen regeneration is strongly correlated with pre-ﬁre stand age
and composition (Smith et al., 2011; Kulakowski et al., 2013). However, recent research has highlighted the fact that pre-ﬁre disturbance history also affects post-ﬁre regeneration such that
regeneration following single disturbances is different from regeneration following compounded disturbances in both overall abundance and species composition (Buma and Wessman, 2011;
D’Amato et al., 2011; Kulakowski et al., 2013).
In principle, compounded disturbances have the potential to alter post-disturbance regeneration by reducing seed sources or
increasing the intensity of the secondary disturbance (Kulakowski
and Veblen, 2007), which in turn may inﬂuence soil and other micro-environmental conditions (Fonturbel et al., 2011). These two
inﬂuences may be of minimal negative consequence for the vegetative reproduction of aspen but are more likely to inhibit regeneration of conifers within the same stands. Although compounded
disturbances may increase overall disturbance intensity (either
additively and/or by increasing the intensity of secondary disturbances) to the point that below-ground aspen roots are killed
and re-sprouting is impeded (e.g. Parker and Parker, 1983), research to date suggests that compounded disturbances favor aspen
over other species. For example, a combination of wind blowdown
followed by ﬁre in northwestern Colorado (Kulakowski et al., 2013)
and a combination of blowdown, logging, then ﬁre in northern
Minnesota (D’Amato et al., 2011) reduced the regeneration of conifers, which regenerate exclusively from seed, and favored initial
dominance by aspen, which regenerates both sexually and
asexually.
Ecological disturbances are increasing in extent, severity, and
frequency in many systems worldwide, including in the western
US, and are predicted to continue increasing as climate continues
to change (Dutzik and Willcox, 2010). It is therefore likely that forests will be affected by more than one disturbance and/or more
than one type of disturbance in short succession. In this context,
and given aspen’s relatively high resilience to compounded disturbances as well as its ability to exploit early-successional environments, future disturbance regimes may lead to increased
regeneration of aspen relative to other species and ultimately to increased cover of aspen forests at broad scales, if climate remains
favorable for the future regeneration and growth of aspen. However, as few studies have directly considered the effect of compounded disturbances on aspen ecology, this is a fruitful area for
future research.

5. Causes of mortality
5.1. Competition with conifers
Successional replacement of aspen by shade-tolerant conifers is
an important driver of compositional change in some aspen forests
and numerous studies have reported aspen replacement by conifers that establish in the understory of aspen-dominated stands
(e.g., Rogers, 2002; Vankat, 2011). The transition from aspen to
conifer dominance may occur over the lifespan of aspen stems that
established following a disturbance, but may also take much longer
(Crawford et al., 1998; Kaye et al., 2005). Competitive effects of
conifers may decrease aspen regeneration (Kaye et al., 2005; Calder
et al., 2011; Calder and St. Clair, 2012) and/or increase overstory
aspen mortality (Calder and St. Clair, 2012), and thereby contribute
to changes in forest composition (Smith and Smith, 2005).
Given aspen’s propensity to gain dominance after stand-replacing disturbances and then be gradually replaced by conifers on
some sites, disturbance regimes clearly affect successional outcomes and cover changes in aspen forests that are often described
as ‘‘seral’’. The extent of seral, aspen-dominated stands on a land-
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scape is therefore partly a function of the disturbance regime on
that landscape. Several studies have suggested that succession to
conifers results from ﬁre exclusion on some sites (Brown and DeByle, 1987; Bartos et al., 1991), but others have emphasized that aspen replacement by conifers is within the natural range of
variability where ﬁre intervals are long and aspen dominance reestablishes following stand-replacing ﬁres (e.g., Kaye et al., 2005;
Kashian et al., 2007). Understanding aspen dynamics within the
context of the local disturbance regime and at the appropriate temporal scale is therefore critical for interpreting successional trends,
aspen mortality, and the future of aspen persistence across the
West (Kulakowski et al., 2004, 2006). Although succession is an
important driver of aspen cover in the West, its importance may
be overstated if the role of infrequent, severe disturbances in contributing to broad ﬂuctuations in forest composition is underappreciated.
5.2. Climate and mortality
Understanding the links between climate variability and tree
mortality is an important goal of current ecological research. Species near ecotones are traditionally thought to be most susceptible
to climatically-induced stress associated with extreme temperatures or precipitation (Neilson, 1993). However, recent examples
of tree mortality associated with prolonged high temperatures
and/or low moisture availability suggest that forest susceptibility
to climatic variation may be more widespread than previously expected, even outside of transitional zones (Allen et al., 2010). Furthermore, climate models predict continued increases in drought
and heat stress that could fundamentally alter the structure and
function of forests in many regions (IPCC, 2007). Climate operates
at broad spatial scales, and aspen responds to that climatic variability from the sub-continental scale (e.g. Kaye, 2011) to local
scales (Fig. 1).
Recent observations have indicated a sudden onset and rapid
progression of aspen dieback in the western United States that
may be climatically driven (Frey et al., 2004). Climatically-driven
mortality of aspen could lead to long-term reduction of aspen cover in these areas. Rogers et al. (2010) reported that low mortality
rates of aspen were rarely observed in drought-prone locations.
Likewise, in southwestern Colorado, areas of high aspen dieback
tend to be located on dry, south-facing slopes, implying that
drought stress is an important mechanism driving aspen mortality
(Huang and Anderegg, 2012). In the southwestern US, Ganey and
Vojta (2011) reported that aspen mortality in mixed-conifer forest
was particularly pronounced (85%), and suggested that these early
trends may be indicative of future responses to climate change.
This phenomenon appears to be widespread, as in a broad-scale
analysis Worrall et al. (this volume) report that aspen on marginal
sites and near ecotones are most likely to be susceptible to climatically-induced mortality.
In addition to aspen near transitional zones, Hanna and Kulakowski (2012) found that growth and mortality of quaking aspen
in Colorado and Wyoming away from transitional zones are also
strongly associated with climatic variation. Speciﬁcally they found
that in stands with substantial recent dieback of aspen, reduced
growth of aspen was associated with warm temperatures, except
at the highest elevations; mortality of aspen was preceded by multiple years of reduced growth; and the frequency of mortality was
associated with multiple years of drought as indicated by negative
Palmer drought severity index values.
5.3. Other factors affecting aspen cover
Although aspen regeneration is primarily vegetative, aspen can
also establish from seed following stand-replacing disturbances if
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optimal conditions for germination and establishment are met
(Barnes, 1966; Romme et al., 1997; Mock et al. this volume). Sexual
reproduction of aspen has not been the focus of much research and
remains poorly understood. Romme et al. (2005) reported widespread aspen regeneration from seed following the 1988 Yellowstone ﬁres, but predicted that many or most of the seedlings will
die within a few decades with little lasting effect on broad-scale
vegetation patterns or post-ﬁre successional trajectories. However,
at least some new genets appear likely to survive and to establish
new aspen clones, with potentially important consequences for
demographic and genetic structure of the Yellowstone aspen population (Romme et al., 2005). While documented cases of aspen
seedlings over the past 50 years have been uncommon in the western US, infrequent episodes of sexual reproduction may accumulate in the population and diversify the genetic pool over long
temporal scales (Mock et al., 2008; Mock et al. this volume). Aspen
regeneration by seed is generally thought to require cool, moist
conditions and exposed mineral soil soon after a stand-replacing
disturbance (Barnes, 1966), a scenario that is somewhat rare in
the Intermountain West (Romme et al., 1997). Future warmer,
drier climate scenarios predicted by current climate models may
therefore further limit the incidence of conditions necessary for aspen regeneration by seed, and the establishment of new genotypes
on the landscape may be curtailed.
Other contributing factors leading to aspen decline include
environmental variables or biotic agents that are able to aggressively act on previously stressed trees. These factors include infestation from fungi and wood boring insects (Frey et al., 2004;
Fairweather et al., 2008; Kashian et al., 2007) and may be the ﬁnal
causes of tree mortality (Fairweather et al., 2008; Worrall et al.,
2008; Marchetti et al., 2011) but are thought to be of secondary
importance rather than the key drivers of change.

6. Cumulative trends in landscape patterns
The cumulative effects of establishment and mortality ultimately determine population size and total forest cover. In the preceding sections we have discussed key factors that drive these
demographic processes and thus contribute to cumulative trends
in landscape patterns. Long-term trends in aspen cover, spatiotemporal variability in those patterns, and the dispersion of sites
around expected trends have yet to be quantiﬁed throughout the
western US and such assessments remain a top research priority
as well as challenge. In the following section we highlight apparent
generalities in the studies that have been conducted to date and we
discuss trends in aspen cover in the Rocky Mountains of Colorado,
where a critical number of studies on long-term aspen cover have
been conducted.
As discussed above, aspen’s broad distribution and varying ecological roles result in substantial variation in the processes that
dominate long-term cover change. Based on a review of local-scale
aspen studies in Montana, Sankey (2008) drew attention to substantial regional-scale spatial variability in aspen dynamics and
the fact that areas of successful aspen regeneration and recruitment are juxtaposed with areas that lack these attributes. Similarly, even over fairly short distances, the population structure of
aspen in Colorado has been shown to be highly variable (Kaye
et al., 2003).
While areas of aspen decline have been given considerable
attention among researchers, managers, and policy makers, many
studies that have examined longer-term and/or broad-scale trends
have not concluded that aspen is declining. It has been estimated
that only one-third of western aspen may be persistent (Mueggler,
1988), but other reviews considered it unlikely that most aspen
forests will be lost in the near future (Knight, 2001). At spatial

scales of individual stands and over time periods of several years,
mortality of aspen has been reported to be as high as 100% (Worrall
et al., 2008). In contrast, studies that have focused on broader spatial and/or longer temporal scales have reported either lower decreases or even increases in aspen cover. Zier and Baker (2006)
found an increase in extent of aspen over the past century in Colorado along boundary edges of both self-replacing stands and seral
aspen stands, as well as persistence of aspen in many stands even
in the presence of conifers. They concluded that forest recovery
from historical large disturbances contributed substantially to this
increase (Zier and Baker, 2006). Across broad spatial scales in the
Greater Yellowstone Ecosystem, Brown et al. (2006) found an average of 10% aspen loss overall, much lower than that suggested by
studies conducted at ﬁner spatial scales. Likewise, Sankey (2012)
reported a 69% decline in aspen cover in some areas but a 179% increase in aspen cover in other areas of the landscape and concluded
that changes in aspen cover are spatially variable. It is therefore
important to consider where in the landscape and to what extent
aspen is declining vs. forming self-replacing persistent stands.
Moreover, assessments of aspen conditions can be easily biased
by subjective selection of stands where decline is known to occur,
rather than by representatively sampling the condition of aspen on
the larger landscape.
Variability of aspen dominance over time is likely to depend on
the relative importance of the factors governing establishment and
mortality in any given region. In some systems aspen abundance is
likely to vary quite minimally over decades to centuries, whereas
in other systems low frequency and high severity events or processes structure the ecosystem and may result in a broad range
of natural conditions that oscillate over long time periods. Studies
in Colorado have shown that aspen cover varies substantially over
time in ecosystems shaped by infrequent, high-severity ﬁres (Kulakowski et al., 2004, 2006; Kashian et al., 2007). In such systems any
decline of aspen must be placed in the context of the major pulse of
regeneration of aspen that followed the often extensive and severe
ﬁres of the late 19th century (Rogers et al., 2007). These ﬁres promoted aspen dominance on the landscape (Kulakowski et al., 2004,
2006) and aspen decline during the 20th century in some areas
may therefore represent a return to conditions that preceded the
widespread burning of the 19th century. In sum, the amount of aspen on a given landscape is likely to vary at a centennial scale to
the degree to which infrequent stand-replacing ﬁres affect aspen
stands in that region.
In a broad synthesis of aspen across the interior western US,
Kaye (2011) recognized that the widespread late-1800s peak in
aspen recruitment was driven primarily by the occurrence of
the last historical ﬁres throughout the intermountain West. However, a second peak of recruitment in the 1970s and 1980s was
driven not by large disturbances, but rather was associated with
improved moisture conditions brought about by a shift to a positive phase of the Paciﬁc Decadal Oscillation and a persistent
negative phase of the Atlantic Multidecadal Oscillation. Kaye
(2011) concluded that the over-arching implication of large-scale
synchrony in aspen dynamics is that current aspen ecosystem
condition is not solely the result of local-scale histories of browsing or ﬁre, but is also the interwoven legacy of these local factors
combined with broad factors such as climate and Euro-American
settlement. Similarly, while Kulakowski et al. (2004, 2006) found
that much aspen establishment in Colorado in the late 19th century occurred in areas that burned in large and severe ﬁres, they
also reported establishment from that same period that could not
be deﬁnitively linked to ﬁres. A possible explanation for this
recruitment is that mortality in some aspen stands was caused
by drought rather than ﬁre and then new regeneration, perhaps
even by seed, was facilitated by the slightly moister conditions
that followed.
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Long-term and large-scale trends in aspen cover driven by aspen regeneration and mortality have yet to be quantiﬁed for much
of the western US, but have been most thoroughly documented in
the Rocky Mountains of Colorado. Even across Colorado, it is
important to recognize that substantial variation in aspen ecology
exists and thus conclusions from studies in one area do not necessarily apply to other regions within or outside of the state. Rather,
existing studies of aspen in Colorado may serve as starting hypotheses for the greater Western region. Aspen cover in Colorado appears to have decreased over the past few decades (e.g. Worrall
et al., 2008), especially on marginal sites, and climatically-driven
mortality is continuing to reduce total aspen cover (e.g. Hanna
and Kulakowski, 2012). However, longer-term studies indicate that
aspen cover has actually increased over the past century (Manier
and Laven, 2002; Kulakowski et al., 2004, 2006; Zier and Baker,
2006; Kashian et al., 2007), especially at higher elevations.
7. Consequences and future scenarios
Recent, ongoing, and future global environmental changes in
forest ecosystems include an increase in tree mortality either as
a direct (e.g. drought) or an indirect (e.g. insect outbreak or wildﬁre) result of a changing climate as well as an increased likelihood
of compounded disturbances. Drought appears to impact aspen
growth and vigor negatively and contribute to its dieback (e.g.
Worral et al., this volume), but other aspects of an altered climate
and altered disturbance regimes may favor aspen over conifer species that often co-dominate the landscape. For example, ongoing
extensive outbreaks of bark beetles across western North America
(Raffa et al., 2008) coupled with a shift in precipitation and temperature regimes (Dutzik and Willcox, 2010) may set the stage
for a possible conversion of some forests from conifer to aspen
dominance. Likewise, increased warmer and drier conditions in
the West are also likely to increase wildﬁres (Westerling et al.,
2006) that favor aspen dominance. Finally, compounded disturbances also appear to favor regeneration of aspen over conifers
(Kulakowski et al., 2013) and could increase aspen dominance if
compounded disturbances continue increasing with projected
shifts in climate regimes.
As aspen stands are generally more mesic than adjacent conifer
stands, the former are less likely to burn. Aspen stands are also less
susceptible to bark beetle outbreaks that affect conifers (Kulakowski et al., 2003) and wind disturbances (Kulakowski and Veblen,
2002). Thus any change in the amount of aspen in the landscape
has the potential to feedback to the overall disturbance regime at
broad scales.
8. Key information gaps and uncertainties
Aspen in the western United States has received considerable
research attention over the past 50 years, and important advances
have been made in understanding the drivers of landscape dynamics at broad spatial scales. However, important uncertainties remain about aspen ecology and dynamics that should continue to
be goals for future research. Among the most pressing needs for research are an improved understanding of broad-scale, long-term
aspen dynamics across geographic and biophysical gradients to
complement the research that has been conducted at ﬁner spatial
and shorter temporal scales. Eventually such research may permit
a meta-analysis of cover change based on more regional studies.
Research is needed to understand how climatic variability interacts with other predisposing factors to contribute to aspen mortality; and how ecological, physiological, and genetic variability
determine successful vegetative and sexual reproduction of aspen.
It is also important to understand how the cumulative effects of a
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changing climate and altered disturbance regimes will affect overall aspen dynamics and extent. For example, it is important to
understand how aspen cover would be affected if the current trend
of increasing extent, severity, and frequency of ﬁres continues as
well as if widespread drought becomes the norm across the West.
Furthermore, given the likelihood that forest ecosystems will be
increasingly affected by multiple disturbances over short time
periods, future research should further explore how such compounded disturbances affect aspen regeneration and potential
dominance.
Other fertile areas for research may include opportunistic studies of aspen response to recent ﬁre or bark beetle outbreaks, experimental ﬁre and mock beetle outbreak studies to identify
mechanisms underlying aspen response to disturbance, differential
aspen response to climate variability on sites of varying quality,
spatially-explicit modeling of aspen population dynamics, and
high-resolution remote sensing of aspen distribution and condition. Shifts between vegetative and sexual reproduction will inﬂuence aspen population dynamics, and continued research on the
inﬂuence of climate, disturbance, and population dynamics on
regeneration mode is needed. Finally, an important knowledge
gap is an integrated synthesis of regional or eco-regional trends
in aspen dynamics that will better explain aspen landscape
patterns.
9. Conclusions
An important theme across studies of aspen dynamics and cover is that aspen persistence, decline, regeneration dynamics, and
other key processes vary across space and time. Understanding
the diverse spatial and temporal scales of these factors is key to
understanding the variation in aspen dynamics across its geographical range. In the western United States, successional replacement of aspen is most pronounced in settings historically shaped
by long ﬁre intervals and can thus be seen as a part of normal,
long-term ﬂuctuations in forest composition. Aspen decline was
initially reported primarily at the margins of aspen’s distribution,
but may be becoming more ubiquitous due to the direct effects
of climate (e. g. drought). In contrast, the indirect effects of recent
climate (e.g. forest ﬁres, bark beetle outbreaks, and compounded
disturbances) favor aspen and may facilitate expansion of this forest type. Thus, future aspen trends are likely to depend on the net
results of the direct and indirect effects of altered climate.
Attempts to understand the future of aspen in the western US
need to occur across a range of spatial and temporal scales. The
processes driving trends in aspen cover outlined in this paper occur
at scales ranging from annual and local to centennial, regional, and
broader, such that the ability to scale results from individual studies to larger areas is limited by the extent of the driving process. It
is critical to identify the appropriate spatial and temporal scales of
observation for any given area depending on the nature of the research questions and objectives. In short, it is important to recognize that changes in aspen cover and underlying dynamics vary
across space and time.
Acknowledgement
This work was supported by the National Science Foundation.
References
Allen, C.D., Macalady, A.K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier,
M., Kitzberger, T., Rigling, A., Breshears, D.D., Hogg, E.H., Gonzalez, P., Fensham,
R., Zhang, Z., Castro, J., Demidova, N., Lim, J.-H., Allard, G., Running, S.W.,
Semerci, A., Cobb, N., 2010. A global overview of drought and heat-induced tree
mortality reveals emerging climate change risks for forests. Forest Ecology and
Management 259, 660–684.

58

D. Kulakowski et al. / Forest Ecology and Management 299 (2013) 52–59

Baker, W.L., Munroe, J.A., Hessl, A.E., 1997. The effects of elk on aspen in the winter
range of Rocky Mountain National Park. Ecography 20, 155–165.
Barnes, B.V., 1966. The clonal growth habit of American aspens. Ecology 47, 439–
447.
Bartos, D.L., Campbell Jr., R.B., 1998. Decline of quaking aspen in the Interior West
examples from Utah. Rangelands 20 (1), 17–24.
Bartos, D.L., Mueggler, W.F., 1981. Early succession in aspen communities following
ﬁre in western Wyoming. Journal of Range Management 34, 315–318.
Bartos, D.L., Mueggler, W.F., Campbell, Jr., R.B., 1991. Regeneration of aspen by
suckering on burned sites in western Wyoming. USDA Forest Service Research
Paper INT-448. USDA Intermountain Research Station, Ogden, Utah, USA.
Bartos, D.L., Brown, J.K., Booth, G.D., 1994. Twelve years biomass response in aspen
communities following ﬁre. Journal of Range Management 47, 79–83.
Bartos, D.L., 2001. Landscape dynamics of aspen and conifer forests. In: Sustaining
aspen in western landscapes. RMRS-P-18, Fort Collins CO., pp. 5–14
Binkley, D., 2008. Age distribution of aspen in Rocky Mountain National Park, USA.
Forest Ecology and Management 255, 797–802.
Brodie, J., Post, E., Watson, F., Berger, J., 2012. Climate change intensiﬁcation of
herbivore impacts on tree recruitment. Proceedings of the Royal Society B –
Biological Sciences. 279, 1366–1370.
Brown, J.K., DeByle, N.V., 1987. Fire damage, mortality, and suckering in aspen.
Canadian Journal of Forest Research 17, 1100–1109.
Brown, K., Hansen, A.J., Keane, R.E., Graumlich, L.J., 2006. Complex interactions
shaping aspen dynamics in the greater Yellowstone ecosystem. Landscape
Ecology 21 (6), 933–951.
Buma, B., Wessman, C.A., 2011. Disturbance interactions can impact resilience
mechanisms of forests. Ecosphere 2, 1–13.
Burns, R.M., Honkala, B.H. 1990. Silvics of North America: 1. Conifers; 2. Hardwoods.
Agriculture Handbook 654. vol. 2. U.S. Department of Agriculture, Forest
Service, Washington, DC, 877p.
Calder, J., Horn, K., St Clair, S.B., 2011. Conifer expansion compromises the
competitive ability and herbivore defense of aspen by modifying light
environment and soil chemistry. Tree Physiology 31, 582–591.
Calder, J., St Clair, S.B., 2012. Facilitation drives mortality patterns on succession
gradients of aspen-conifer forests. Ecosphere 3 (6), 57.
Crawford, J.L., McNulty, S.P., Sowell, J.B., Morgan, M.D., 1998. Changes in aspen
communities over 30 years in Gunnison County, Colorado. The American
Midland Naturalist 140, 197–205.
D’Amato, A.W., Fraver, S., Palik, B.J., Bradford, J.B., Patty, L., 2011. Singular and
interactive effects of blowdown, salvage logging, and wildﬁre in sub-boreal pine
systems. Forest Ecology and Management 262, 2070–2078.
DeByle, N.V., Bevins, C.D., Fischer, W.C., 1987. Wildﬁre occurrence in aspen in the
interior western United States. Western Journal of Applied Forestry 2, 73–76.
Dutzik, A., Willcox, N., 2010. Global Warming and Extreme Weather: The Science,
the Forecast, and the Impacts on America. Environment Colorado Research &
Policy Center, Denver, CO.
Fairweather, M., Geils, B., Manthei, M., 2008. Aspen Decline on the coconino
National Forest. In: McWilliams, M. (Ed.), proceedings of the 55th western
International Forest Disease work conference, Sedona AZ, Oregon Department
of Foresty Salem, pp. 53–62.
Fonturbel, M.T., Vega, J.A., Perez-Gorostiaga, P., Fernandez, C., Alonso, M., Cuinas, P.,
Jimenez, E., 2011. Effects of soil burn severity on germination and initial
establishment of maritime pine seedlings, under greenhouse conditions, in two
contrasting experimentally burned soils. International Journal of Wildland Fire
20 (2), 209–222.
Frey, B.R., Lieffers, V.J., Hogg, E.H., Landhausser, S.M., 2004. Predicting landscape
patterns of aspen dieback: mechanisms and knowledge gaps. Canadian Journal
of Forest Research 34, 1379–1390.
Ganey, J.L., Vojta, S.C., 2011. Tree mortality in drought-stressed mixed-conifer and
ponderosa pine forests, Arizona, USA. Forest Ecology and Management 261 (1),
162–168.
Hanna, P., Kulakowski, D., 2012. The inﬂuences of climate on aspen dieback. Forest
Ecology and Management 274, 91–98.
Hessl, A., 2002. Aspen, elk, and ﬁre: the effect of human institutions on ecosystem
processes. Bioscience 52, 1011–1022.
Huang, C.Y., Anderegg, W.R.L., 2012. Large drought-induced aboveground live
biomass losses in southern Rocky Mountain aspen forests. Global Change
Biology 18, 1016–1027.
IPCC, 2007. Fourth Assessment Report of the Intergovernmental Panel of Climate
Change.
Jones, B.E., Lile, D.F., Tate, K.W., 2009. Effect of simulated browsing on aspen
regeneration: implications for restoration. Rangeland Ecology& Management 62
(6), 557–563.
Kashian, D.M., Romme, W.H., Regan, C.M., 2007. Reconciling divergent
interpretations of quaking aspen decline on the northern Colorado front
range. Ecological Applications 17 (5), 1296–1311.
Kauffman, M.J., Brodie, J.F., Jules, E.A., 2010. Are wolves saving Yellowstone’s aspen?
A landscape-level test of behaviorally mediated trophic cascades. Ecology 91
(9), 274–2755.
Kay, C.E., 1997. Is aspen doomed? Journal of Forestry 95, 4–11.
Kay, C.E. 2001. Evaluation of burned aspen communities in Jackson Hole,
Wyoming. In: Sustaining aspen in western landscapes. USDA Forest Service
Rocky Mountain Forest and Range Experimental Station, Fort Collins, CO, pp.
215–223.
Kaye, M.W., 2011. Mesoscale synchrony in quaking aspen establishment across the
interior western US. Forest Ecology and Management 262 (3), 389–397.

Kaye, M.W., Binkley, D., Stohlgren, T.J., 2005. Effects of conifers and elk browsing on
quaking aspen forests in the central Rocky Mountains, USA. Ecological
Applications 15 (4), 1284–1295.
Kaye, M.W., Stohlgren, T.J., Binkley, D., 2003. Aspen structure and variability in
Rocky Mountain National Park, Colorado, USA. Landscape Ecology 18 (6), 591–
603.
Kemperman, J.A., Barnes, B.V., 1976. Clone size in American aspens. Canadian
Journal of Botany 54 (22), 2603–2607.
Kimble, D.S., Tyers, D.B., Robison-Cox, J., Sowell, B.F., 2011. Aspen recovery since
wolf reintroduction on the northern yellowstone winter range. Rangeland
Ecology& Management 64 (2), 119–130.
Knight, D.H., 2001. Summary: Aspen Decline in the West? p. 441–446. In: Wayne D.
Shepperd, Dan Binkley, Dale L. Bartos, Thomas J. Stohlgren, Lane G. Eskew,
compilers. Sustaining Aspen in Western Landscapes: Symposium Proceedings;
13–15 June 2000; Grand Junction, CO. Proceedings RMRS-P-18. US Department
of Agriculture, Forest Service, Rocky Mountain Research Station, Fort Collins,
CO, 460p.
Korb, J.E., Fule, P.Z., Stoddard, M.T., 2012. Forest restoration in a surface ﬁredependent ecosystem: an example from a mixed conifer forest, southwestern
Colorado, USA. Forest Ecology and Management 269, 10–18.
Kulakowski, D., Matthews, C., Jarvis, D., Veblen, T.T., 2013. Compounded
disturbances in subalpine forests in western Colorado favor future dominance
by quaking aspen (Populus tremuloides). Journal of Vegetation Science 24, 168–
176.
Kulakowski, D., Veblen, T.T., 2002. Inﬂuences of ﬁre history and topography on the
pattern of a severe wind blowdown in a Colorado subalpine forest. Journal of
Ecology 90 (5), 806–819.
Kulakowski, D., Veblen, T.T., 2007. Effect of prior disturbances on the extent and
severity of wildﬁre in Colorado subalpine forests. Ecology 88 (3), 759–769.
Kulakowski, D., Veblen, T.T., Bebi, P., 2003. Effects of ﬁre and spruce beetle outbreak
legacies on the disturbance regime of a subalpine forest in Colorado. Journal of
Biogeography 30 (9), 1445–1456.
Kulakowski, D., Veblen, T.T., Drinkwater, S., 2004. The persistence of quaking aspen
(Populus tremuloides) in the Grand Mesa Area, Colorado. Ecological Applications
14, 1603–1614.
Kulakowski, D., Veblen, T.T., Kurzel, B.P., 2006. Inﬂuences of infrequent ﬁre,
elevation and pre-ﬁre vegetation on the persistence of quaking aspen (Populus
tremuloides Michx.) in the Flat Tops area, Colorado, USA. Journal of
Biogeography 33, 1397–1413.
Kurzel, B.P., Veblen, T.T., Kulakowski, D., 2007. A typology of stand structure and
dynamics of Quaking aspen in northwestern Colorado. Forest Ecology and
Management 252 (1–3), 176–190.
Landhäusser, S.L., Deshaies, D., Lieffers, V.J., 2010. Disturbance facilitates rapid
range expansion of aspen into higher elevations for the Rocky Mountains under
a warming climate. Journal of Biogeography 37, 68–76.
Larsen, E.J., Ripple, W.J., 2003. Aspen age structure in the northern Yellowstone
ecosystem: USA. Forest Ecology and Management 179, 469–482.
Little, E.L., Jr., 1971. Atlas of United States trees. Conifers and Important Hardwoods.
vol. 1. Misc. pub. 1146, US Department of Agriculture, Washington, DC.
Manier, D.J., Laven, R.D., 2002. Changes in landscape patterns associated with
the persistence of aspen (Populus tremuloides Michx.) on the western slope
of the Rocky Mountains, Colorado. Forest Ecology and Management 167, 263–
284.
Marchetti, S.B., Worrall, J.J., Eager, T., 2011. Secondary insects and diseases
contribute to sudden aspen decline in southwestern Colorado, USA. Canadian
Journal of Forest Research 41 (12), 2315–2325.
McKenzie, D.A., Tinker, D.B., 2012. Fire-induced shifts in overstory tree species
composition and associated understory plant composition in Glacier National
Park, Montana. Plant Ecology 213, 207–224.
Miller, J.D., Safford, H.D., Crimmins, D.L., Thode, A.E., 2009. Quantitative evidence for
increasing forest ﬁre severity in the Sierra Nevada and southern Cascade
Mountains, California and Nevada, USA. Ecosystems 12, 16–32.
Mock, K.E., Rowe, C.A., Hooten, M.B., DeWoody, J., Hipkins, V.D., 2008. Clonal
dynamics in western North American aspen (Populus tremuloides). Molecular
Ecology 17, 4827–4844.
Mueggler, W.F., 1988. Aspen community types of the intermountain region. General
Technical Report INT-250. Ogden, UT: U.S. Department of Agriculture, Forest
Service, Intermountain Research Station. 135p.
Neilson, R.P., 1993. Transient ecotone response to climatic change: some conceptual
and modelling approaches. Ecological Applications 3, 385–395.
Perala, D.A., 1990. Populus tremuloides Michx.: trembling aspen. pp. 555–569. In:
Burns, R.M., Honkala, B.H., technical coordinators. Silvics of North America. vol.
2: Hardwoods. Agriculture Handbook 654. USDA Forest Service Washington,
D.C., USA.
Parker, J.A., Parker, K.C., 1983. Comparative successional roles of Trembling Aspen
and Lodgepole pine in the southern Rocky Mountains. Great Basin Naturalist 43,
447–455.
Pierce, A.D., Taylor, A.H., 2010. Competition and regeneration in quaking aspenwhite ﬁr (Populus tremuloides-Abies concolor) forests in the Northern Sierra
Nevada USA. Journal of Vegetation Science 21 (3), 507–519.
Raffa, K.F., Aukema, B.H., Bentz, B.J., Carroll, A.L., Hicke, J.A., Turner, M.G., Romme,
W.H., 2008. Cross-scale drivers of natural disturbances prone to anthropogenic
ampliﬁcation: dynamics of biome-wide bark beetle eruptions. BioScience 58,
501–517.
Ripple, W.J., Larsen, E.J., 2000. Historic aspen recruitment, elk, and wolves in
northern Yellowstone National Park, USA. Biological Conservation 95, 361–370.

D. Kulakowski et al. / Forest Ecology and Management 299 (2013) 52–59
Ripple, W.J., Larsen, E.J., Renkin, R.A., Smith, D.W., 2001. Trophic cascades among
wolves, elk, and aspen on Yellowstone National Park’s northern range.
Biological Conservation 102 (3), 227–234.
Rogers, P., 2002. Using Forest Health Monitoring to assess aspen forest cover change
in the southern Rockies ecoregion. Forest Ecology and Management 155, 223–
236.
Rogers, P.C., Lefﬂer, A.J., Ryel, R.J., 2010. Landscape assessment of a stable aspen
community in southern Utah, USA. Forest Ecology and Management 259 (3),
487–495.
Rogers, P.C., Shepperd, W.D., Bartos, D.L., 2007. Aspen in the Sierra Nevada: Regional
conservation of a continental species. Natural Areas Journal 27 (2), 183–193.
Romme, W.H., Turner, M.G., Gardner, R.H., Hargrove, W.W., Tuskan, G.A., Despain,
D.G., Renkin, R.A., 1997. A rare episode of sexual reproduction in aspen (Populus
tremuloides Michx.) following the 1988 Yellowstone ﬁre. Natural Areas Journal
17, 17–25.
Romme, W.H., Turner, M.G., Tuskan, G.A., Reed, R.A., 2005. Establishment,
persistence, and growth of aspen (Populus tremuloides) seedlings in
Yellowstone National Park. Ecology 86 (2), 404–418.
Romme, W.H., Turner, M.G., Wallace, L.L., Walker, J.S., 1995. Aspen, elk, and ﬁre in
northern Yellowstone National Park. Ecology 76, 2097–2106.
Sankey, T.T., 2008. Learning from spatial variability: aspen persistence in the
Centennial Valley, Montana. Forest Ecology and Management 255 (3–4), 1219–
1225.
Sankey, T.T., 2012. Decadal-scale aspen changes: evidence in remote sensing and
tree ring data. Applied Vegetation Science 15 (1), 84–98.
Schier, G.A., Jones, J.R., Winokur, R.P., 1985. Vegetative regeneration. pp. 29–33. In:
DeByle, N.V., Winokur, R.P., (Eds.), Aspen ecology and management in the
western United States. USDA Forest Service General Technical Report RM-119.
Rocky Mountain Forest and Range Experiment Station, Fort Collins, Colorado,
USA.
Schoennagel, T., Veblen, T.T., Romme, W.H., 2004. The interaction of ﬁre, fuels and
climate across Rocky Mountain forests. BioScience 54 (7), 661–676.

59

Sibold, J.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. Journal of Biogeography 33, 631–
647.
Smith, A.E., Smith, F.W., 2005. Twenty-year change in aspen dominance in pure
aspen and mixed aspen/conifer stands on the Uncompahgre Plateau, Colorado,
USA. Forest Ecology and Management 213 (1–3), 338–348.
Smith, E.A., O’Loughlin, D., Buck, J.R., St. Clair, S.B., 2011. The inﬂuence of conifer
succession, physiographic conditions and herbivory on quaking aspen
regeneration after ﬁre. Forest Ecology and Management 262, 325–330.
Strand, E.K., Vierling, L.A., Bunting, S.C., 2009a. A spatially explicit model to predict
future landscape composition of aspen woodlands under various management
scenarios. Ecological Modelling 220 (2), 175–191.
Strand, E.K., Vierling, L.A., Buntinga, S.C., Gessler, P.E., 2009b. Quantifying
successional rates in western aspen woodlands: current conditions, future
predictions. Forest Ecology and Management 257 (8), 1705–1715.
Suzuki, K., Suzuki, H., Binkley, D., Stohlgren, T.J., 1999. Aspen regeneration in the
Colorado Front Range: differences at local and landscape scales. Landscape
Ecology 14, 231–237.
Vankat, J.L., 2011. Post-1935 changes in forest vegetation of Grand Canyon National
Park, Arizona, USA: Part 2 – Mixed conifer, spruce-ﬁr, and quaking aspen
forests. Forest Ecology and Management 261 (3), 326–341.
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.
Worrall, J.J., Egeland, L., Eager, T., Mask, R.A., Johnson, E.W., Kemp, P.A., Shepperd,
W.D., 2008. Rapid mortality of Populus tremuloides in southwestern Colorado
USA. Forest Ecology and Management 255, 686–696.
Zier, J.L., Baker, W.L., 2006. A century of vegetation change in the San Juan
Mountains, Colorado: an analysis using repeat photography. Forest Ecology and
Management 228 (1–3), 251–262.

