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Abstract

Question: As the extent, magnitude and/or frequency of various forest
disturbances are increasing due to climate change, it is becoming increasingly
likely that forests may be affected by more than one type of disturbance in short
succession. We studied how compounded disturbances and pre-fire composition
influence post-fire tree regeneration. Specifically, do compounded disturbances
reduce overall regeneration and favour initial dominance of species that
regenerate vegetatively?

Location: Sub-alpine forests in northwestern Colorado.

Methods: The study region was affected by a severe outbreak of Dendroctonus
rufipennis in the 1940s, a severe wind storm in 1997 and severe fires in 2002.
Permanent plots to monitor regeneration were established in 2003 and were
re-measured in 2004, 2005 and 2010. Plots were located in stands that varied in
long-term disturbance history (stands that originated following fires in 1879 or
1880 vs older stands), recent disturbance history (fire only; outbreak then fire;
blowdown then fire) and pre-fire forest dominance (Populus tremuloides, Pinus
contorta, or Picea engelmannii—Abies lasiocarpa).

Results: Combined density of regeneration of all tree species was highest in
stands dominated by P. tremuloides prior to the 2002 fires. In P. contorta stands
that were affected only by the 2002 fires, regeneration density was higher in
stands that were younger prior to the fire (those that originated in the 1880s), in
which cone serotiny is more prevalent, than in older stands (those that origi-
nated >200 yr ago). However, the advantage of relatively young P. contorta
stands to regenerate following fire was inhibited by compounded disturbances
of wind and then fire. Similarly, following compounded disturbances the com-
bined density of conifer seedlings of all species was lower than following only
fire. In contrast, the density of P. tremuloides was not lower following com-
pounded disturbances than following fire only, and was higher than that of
other species.

Conclusions: Pre-fire forest composition and disturbance history influence the
abundance and composition of post-fire regeneration. Compounded
disturbances generally reduce the regeneration of conifers, which regenerate
exclusively from seed, and appear to favour initial stand dominance by
P. tremuloides, which regenerates both sexually and asexually. Such differential
effects may thereby alter trajectories of post-fire regeneration. As P. tremuloides
are less susceptible than conifers to fires, bark beetle outbreaks and wind
disturbances, increased dominance by P. tremuloides may contribute to a
negative feedback that may diminish the probability and/or severity of future
disturbances and thus increase overall forest ecosystem resiliency.
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Introduction

An important contemporary challenge in ecology is to
understand likely future forest patterns and processes in
the face of a changing climate and changing disturbance
regimes. Novel climate conditions and/or combinations of
disturbances may lead to positive or negative feedbacks
that could affect the resilience of some systems and poten-
tially force alternate stable states. Climate change is
increasing the frequency, extent and/or magnitude of fires,
outbreaks of insects and wind disturbances (Westerling
et al. 2006; Raffa et al. 2008; Dutzik & Willcox 2010),
which increases the likelihood that ecosystems may be
affected by more than one type of disturbance in a short
period of time. Such compounded disturbances can affect
ecosystem development in ways that are not well under-
stood and may be potentially unpredictable, especially if
the time between disturbances is insufficient for the eco-
system to recover from the initial disturbance (Paine et al.
1998) or if earlier disturbances have long-term lingering
effects on structure and composition. For example,
outbreaks of bark beetles or wind disturbances prior to
high-severity fire have the potential to reduce the
availability of seed that would otherwise be important to
post-disturbance regeneration. Additionally, outbreaks
and wind disturbances prior to fires may result in higher
burn severity, which in turn may result in unfavourable
edaphic conditions or scarcity of microsites sheltered by
coarse woody debris. In the present study we examined
forest regeneration following individual and compounded
disturbances in Colorado sub-alpine forests.

Forest development following disturbance generally
varies with disturbance type, disturbance severity and pre-
disturbance composition. Disturbances that primarily
affect canopy trees, such as wind storms and outbreaks of
bark beetles, normally result in the release of previously
suppressed shade-tolerant species (Peterson 2000) except
in areas where seedling and sapling density is low (e.g.
Spurr 1956). In contrast, stand development following
stand-replacing fires is dominated by the establishment of
new seedlings (Veblen et al. 1991) or by vegetative
re-sprouting of clonal species. The most rapid post-fire
colonization is likely to be associated with an abundance of
species that resprout, that have very good dispersal (e.g.
some wind-dispersed species) or that have serotinous cones.

The sub-alpine forests of western Colorado are domi-
nated by Populus tremuloides (quaking aspen), Pinus contorta
(lodgepole pine), Abies lasiocarpa (sub-alpine fir) and Picea
engelmannii (Engelmann spruce). P. tremuloides and P. con-
torta both have the ability to dominate early post-fire stand
development, but these two species have substantially dif-
ferent life-history traits. P. tremuloides clones, which are
largely underground, are extremely long-lived (Mitton &
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Grant 1996) and reproduce asexually by vegetative re-
sprouting. Severe fire or other disturbances can trigger
asexual reproduction of P. tremuloides (Schier & Campbell
1978), which is often characterized by abundant, rapidly
growing root suckers that favour initial stand dominance
of this species (Peet 2000). P. contorta is also well adapted
to dominate post-disturbance environments, but in con-
trast to P. tremuloides, P. contorta establishes from large
quantities of seed released by serotinous cones and then
grows rapidly on favourable sites. The proportion of seroti-
nous cones within a stand can decrease with stand age
(Schoennagel et al. 2003), and such variations in serotiny
can constrain the availability of P. contorta seed across
stands of different ages (Tinker et al. 1994).

Picea engelmannii and A. lasiocarpa can successionally
replace the shade-intolerant P. tremuloides and P. contorta
and can also regenerate directly following fires; thus, they
can co-dominate the site from the time of stand initiation,
especially at sites that lack seed sources of pines or root
suckers of P. tremuloides (Rebertus et al. 1992). Following
fire, P. engelmannii is likely to establish at greater abun-
dances than A. lasiocarpa and age-structure studies have
shown that A. lasiocarpa establishment often lags that of
P. engelmannii by many decades (Whipple & Dix 1979;
Veblen 1986). However, where seeds are available, both
species can regenerate immediately following fire (Doyle
et al. 1998).

The occurrence and ecological effects of large-scale dis-
turbance by fire, outbreaks of bark beetle (Dendroctonus
spp.) and major windstorms over the past several centuries
have been well documented in northwestern Colorado. In
the late 19th century widespread and severe fires burned
extensive areas of forests, giving rise to young post-fire
stands across northwestern Colorado (Kulakowski & Veb-
len 2002; Sibold et al. 2006; Schoennagel et al. 2007). In
the 1940s a severe outbreak of D. rufipennis killed P. engel-
mannii over thousands of hectares of forest in White River
National Forest, which was preceded by outbreaks of simi-
lar magnitude in the mid-19th century and earlier (Veblen
et al. 1991, 1994; Eisenhart & Veblen 2000; Kulakowski &
Veblen 2006). In 1997 a severe wind storm blew down
over 10 000 ha of sub-alpine forest in Routt National For-
est (Baker et al. 2002; Kulakowski & Veblen 2002).
Finally, in 2002 severe fires burned extensive areas of both
of these national forests, including some forests that were
previously affected by D. rufipennis outbreak or blowdown
(Bigler et al. 2005; Kulakowski & Veblen 2007).

In a community that undergoes a second disturbance
before recovery from the first disturbance is completed, it is
possible that the combined effects may lead to long-term
alteration in community state (Paine et al. 1998). Likewise,
long-term lingering effects of earlier disturbances may
affect regeneration following subsequent disturbances. In
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the current study we examine how compounded
disturbances affect the abundance and composition of
post-fire tree regeneration. Specifically, we test the
hypotheses that compounded disturbances reduce overall
regeneration and favour initial dominance of species that
regenerate vegetatively.

Study areas

The current study was conducted in two areas of north-
western Colorado. The 4400-ha Headwaters of Big Creek
(BC) study area (106°45' W, 40°45’' N; 2400-3400 m
a.s.l.) is in northwestern Colorado in the Mount Zirkel
Wilderness and surrounding Routt National Forest. Parts
of the BC study area were affected by severe fires in 1879
and by a severe blowdown in 1997 (Kulakowski & Veblen
2002). This study area has a continental climate with a
mean annual temperature of 3.9 °C, which ranges from a
mean monthly temperature of —9.5 °C in January to
13.1 °C in July (Western Regional Climate Center, http://
www.wrcc.dri.edu/). Mean annual precipitation is
61.0 cm, and ranges from a mean monthly precipitation of
6.4 cm in January to 3.8 cm in July.

The 4600 ha North Fork of the White River (NFWR)
study area (107°15" W, 40°00’ N; 2450-3250 m a.s.l.) is in
northwestern Colorado in the Flat Tops Wilderness and
surrounding White River National Forest. Parts of this area
were affected by severe fires in 1880, and by a severe out-
break of spruce beetle (D. rufipennis) in the 1940s, which
reached its peak in 1947 (Kulakowski et al. 2003). The
closest climate station to the study area is Marvine Ranch,
which is located at 2380 m a.s.l. and has a climate record
from 1972 to 1998 (Western Regional Climate Center,
http://www.wrcc.dri.edu/). The mean January tempera-
ture is —8.5 °C and the mean July temperature is 14.3 °C.
Mean annual precipitation is 70.5 cm. Forests in both
study areas are dominated by P. conforta, P. tremuloides
Michx., P. engelmannii and A. lasiocarpa. In 1999-2000, we
reconstructed the history of fires, D. rufipennis outbreaks
and wind disturbance from ca. A.D. 1700 to 2000 in both
study areas (Kulakowski & Veblen 2002; Kulakowski et al.
2003). Subsequently, large parts of both the BC and NFWR
study areas burned in high-severity fires in 2002.

Methods

In 2003 we established 1170 2 m x 1 m permanent plots
in forests that had severely burned in 2002 in both study
areas. Plots were located based on a stratified random
design across a range of pre-fire forest types (P. tremuloides,
P. contorta and P. engelmannii—A. lasiocarpa), a range of pre-
fire stand ages (stands that originated in the 1880s and
>200-yr-old stands), and various combinations of pre-fire
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disturbance (only 2002 fire, beetle followed by 2002 fire,
and blowdown followed by 2002 fire; Table 1). Pre-fire
forest type was categorized based on composition of tree
species prior to the 2002 fires (Kulakowski & Veblen 2002;
Kulakowski et al. 2003) into the following four categories:
(1) as P. contorta if that species made up >40% of canopy
trees; (2) as P. engelmannii— A. lasiocarpa if those species
made up >90% of canopy trees; and (3) as P. tremuloides if
that species made up >90% of canopy trees in stands that
originated in the 1880s or if P. tremuloides made up >50%
of regeneration <1.4-m tall in stands >200 years old.

In each 2 m x 1 m permanent plot in the years 2003,
2004, 2005 and 2010, numbers of all juveniles (seedlings
and ramets) of each tree species were recorded. Plots were
grouped for analysis according to pre-fire stand age, com-
position and disturbance history (Table 1). All plots cate-
gorized as burned were located in areas of stand-replacing
fires. All reported juveniles established after the 2002 fires.
Differences among sites in the same categories were not
explicitly considered in the analyses as they were very sim-
ilar in all factors except for modest differences in precipita-
tion, suggesting that they could justifiably be pooled for
analyses. All regeneration data are expressed as number of
juveniles per hectare. Significance of differences among
groups of plots was tested using Friedman repeated mea-
sures (R-M) ANOVA on ranks with a pair-wise Tukey test
(Zar 2010). A separate R-M ANOVA tested for the effects of
pre-fire composition, stand origin date and combination of
disturbances on the abundance and composition of regen-
eration. The non-parametric Friedman R-M ANOVA on
ranks was used because our data did not meet the assump-
tions of normality and equal variance. Tukey’s P-values
were adjusted to account for multiple comparisons.

Results

The overall density (number per ha) of seedlings and
ramets of all tree species combined was contingent on
pre-fire composition, but not on pre-fire disturbance
history. The density of regeneration in stands dominated
by P. tremuloides prior to fire was higher than in stands
dominated by P. engelmannii— A. lasiocarpa in all years and
higher than in stands dominated by P. contorta in 2003,
2004 and 2005 (P < 0.001; Tukey test for pair-wise multi-
ple comparison P < 0.05; Fig. 1). However, by 2010, there
was no difference in the density of regeneration in stands
dominated by P. tremuloides vs P. contorta prior to the 2002
fire. But in 2010 the density of regeneration was higher in
stands dominated by P. contorta than in those dominated by
P. engelmannii— A. lasiocarpa prior to the fire (P < 0.001;
Tukey test for pair-wise multiple comparison P < 0.05;
Fig. 1). In stands that were of the same age and dominated
by the same species prior to fire, overall density of
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Fig. 1. The overall density of seedlings and ramets (mean + SE) of all
species combined in stands that differed in pre-fire composition. The
density of juveniles in stands dominated by P. tremuloides prior to fire was
higher than in stands dominated by P. engelmannii-A. lasiocarpa in all
years and higher than in stands dominated by lodgepole in 2003, 2004,
and 2010. In 2010 density of juveniles was higher in stands dominated by
lodgepole than in those dominated by spruce fir. Number of 2 m-sq
plots = 1170.
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Fig. 2. Total densities of all juveniles (mean + SE) in different categories
of stands that were dominated by P. contorta prior to fire and that were
recently affected only by fire. Overal densities were higher in stands that
originated in ¢. 1880s than in old stands in 2004, 2005, and 2010. Number
of 2 m-sq plots = 180.

regeneration did not differ following single vs compounded
disturbances (Table 1).

Considering only stands that were dominated by P. con-
torta prior to fire, the total abundance of regeneration in
stands affected only by fire was higher in stands that were
relatively young prior to the 2002 fire (those that origi-
nated in the 1880s) than in older stands in 2004, 2005 and
2010 (P < 0.05; Fig. 2). However, there was no difference
in total abundance of regeneration between young and old
P. contorta stands following compounded disturbances by
wind then fire in any year (P > 0.05; Fig. 3).
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Fig. 3. Total densities of all juveniles (mean + SE) in different categories
of stands that were dominated by P. contorta prior to fire and that were
recently affected by blowdown then fire. Overal densities were not
different in stands that originated in c. 1880s than in old stands in any year.
Number of 2 m-sq plots = 180.
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Fig. 4. Combined densities (mean + SE) of all conifer seedlings in stands
that were affected only by fire versus those affected by blowdown then
fire. In stands that were affected by compounded disturbances (blowdown
then fire) densities of all conifer seedlings were lower than in stands
affected only by fire in 2004, 2005, and 2010. Number of 2 m-sq
plots = 900.

Similarly, in stands that were affected by compounded
disturbances (blowdown then fire) combined densities of
all conifer seedlings were lower than in stands affected
only by fire in 2004, 2005 and 2010 (P < 0.05; Fig. 4).
In contrast, abundance of P. tremuloides seedlings and ra-
mets following compounded disturbances of blowdown
then fire was not different in any year until 2010, when
it was higher in stands affected by compounded distur-
bances (P < 0.05; Fig. 5). There was no difference in
abundance of seedlings of any species between other-
wise similar stands that were affected by only fire vs

D. Kulakowski et al.
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Fig. 5. Combined densities (mean + SE) of all P. tremuloides seedlings
and ramets in stands that were affected only by fire versus those affected
by blowdown then fire. In stands that were affected by compounded
disturbances (blowdown then fire) densities of P. tremuloides juveniles
were higher than in stands affected only by fire in 2010. Number of 2 m-sqg
plots = 900.
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Fig. 6. Density of juveniles (mean + SE) of different species in stands
affected only by fire. There was no statistical difference among densities of
different species in any year. Number of 2 m-sq plots = 450.

outbreak then fire (Table 1). In both categories of plots
(fire and outbreak then fire) the abundance of regenera-
tion was generally low (except in old P. tremuloides
stands).

In stands affected only by fire, there was no statistical
difference among abundance of different species (Tukey
test for pair-wise multiple comparison P > 0.05; Fig. 6).
Although not significant, initial composition of regenera-
tion was dominated by P. tremuloides, but later P. contorta
became more important. In contrast, in stands atfected by
wind then fire, P. tremuloides was more dominant in 2005
and 2010 (P < 0.001; Tukey test for pair-wise multiple
comparison P < 0.05; Fig. 7).
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Fig. 7. Density of juveniles (mean + SE) of different species in stands
affected by blowdown then fire. Density of P. tremuloides was higher than
all other species in 2005 and 2010. Number of 2 m-sq plots = 450.

Discussion

In general, it has been recognized that the type and sever-
ity of disturbance plays a major role in controlling post-
disturbance forest regeneration (Turner & Dale 1998). In
the current study we found that the abundance and com-
position of tree regeneration following stand-replacing
fires is also affected by pre-fire forest composition and
stand age, as well as pre-fire disturbance history. The den-
sity of regeneration was highest in stands dominated by
P. tremuloides or P. contorta prior to the fire. Compounded
disturbances generally reduced the abundance of conifer
seedlings and favoured initial dominance of P. tremuloides.
However, the effect of compounded disturbances on
regeneration in conifer stands varies with tree species and
stand age.

Effect of pre-fire composition on P. tremuloides
regeneration

Following stand-replacing fires, regeneration was domi-
nated by P. tremuloides, beginning in the year immediately
following the fire. Following fire or similar disturbance,
P. tremuloides reproduces vegetatively from root systems
that are often extensive and that survive above-ground
disturbances (Bartos & Mueggler 1981; Brown & Byle
1987). This vegetative reproduction gives P. tremuloides an
advantage over species that reproduce from seed and
allows it to gain dominance immediately following severe
fires (Peet 2000).

The majority of P. tremuloides regeneration in our study
area established in stands that were dominated by P. tremu-
loides prior to the fire. However, abundant reproduction of
P. tremuloides was also observed in some stands in which
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the pre-disturbance canopy was dominated by conifers,
but that were classified as P. tremuloides in our study due to
the presence of P. tremuloides in the sub-canopy prior to
fire. Such stands include the ‘old P. tremuloides’ stands that
were affected by D. rufipennis outbreak then fire (Table 1).
P. tremuloides typically gain dominance following stand-
replacing disturbance, then in some areas are succession-
ally replaced by more shade-tolerant species such as
A. lasiocarpa and P. engelmannii (Peet 2000). Once these
shade-tolerant conifers reach the canopy, they can com-
petitively exclude P. tremuloides, which is then no longer
able to maintain canopy dominance. Under the light-
limited conditions beneath a P. engelmannii— A. lasiocarpa
canopy, P. tremuloides are not able to grow into mature
trees, but the underground root system can continue living
and ramets can continue to sprout for hundreds of years
after losing dominance in the canopy (Peet 2000). When a
stand-replacing fire occurs in such stands, canopy domi-
nance can change from conifers back to P. tremuloides
(Kulakowski et al. 2004, 2006).

Compounded disturbances in P. conforta stands

Shortly following fire, seedlings of P. contorta became
abundant in burned stands, which is consistent with the
expectation of P. contorta acting as an early successional
species that effectively colonizes following stand-replacing
disturbances. Similarly, regeneration in Yellowstone
National Park was more abundant after fire in younger,
even-aged post-fire stands (Nyland 1998), which was
likely due to a higher incidence of serotinous cones on
P. contorta in young post-fire stands than in old post-fire
stands (Tinker et al. 1994; Schoennagel et al. 2003). The
higher incidence of serotinous cones in younger stands is
expected to contribute to more rapid and abundant post-
fire regeneration.

The advantage of relatively young P. contorta stands to
regenerate following fire was inhibited by compounded
disturbances. Higher-intensity fire associated with the
abundant surface fuels in blown down stands could have
contributed to a relatively high combustion of P. contorta
seeds in both non-serotinous and serotinous cones. Fur-
thermore, in the years immediately following mortality,
P. contorta release much of their canopy seed bank through
cone opening, cone fall due to breakage and squirrel preda-
tion (Teste et al. 2011). Thus the seed bank could have
been reduced after the blowdown and viable seeds that
were released following the blowdown could have been
combusted in the 2002 fire. The overall higher intensity of
fire in blown down stands could also potentially reduce
the quality of favourable niches in the post-fire environ-
ment by exacerbating the effects of unusually warm and
dry conditions of the past decade. Thus, reduced availabil-
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ity of seed combined with a less favourable post-fire envi-
ronment is likely to have reduced the density of P. contorta
seedlings following compounded disturbances. Our data
suggest that regeneration in relatively young P. contorta
stands in the Rocky Mountains following compounded dis-
turbance may follow stand development pathways more
typical of non-serotinous stands, in which the seedling
recruitment period is more protracted (e.g. Pierce & Taylor
2011).

A study conducted a few kilometers to the north of the
BC study area also found that post-fire conifer regenera-
tion was absent or scarce in areas moderately or severely
affected by the 1997 blowdown (Buma & Wessman 2011).
The same study found that areas affected by salvage log-
ging had significantly higher regeneration than areas of
comparable blowdown, suggesting that fuel loading affects
post-fire regeneration patterns. Whereas our study found
strong influences of pre-fire forest composition on post-fire
regeneration patterns, Buma & Wessman (2011) did not
consider variability in pre-fire forest composition.

Response of specific species to compounded
disturbances

We found only limited conifer regeneration in stands that
were affected by the 1940s D. rufipennis outbreak and
subsequent fire (Table 1). However, the low densities of
regeneration in these stands were not different from other-
wise comparable stands that were affected only by fire.
The D. rufipennis outbreak affected only relatively old post-
fire stands and not stands that established following fires in
the late 19th century (Kulakowski et al. 2003). Our data
indicate that conifer regeneration in old stands was gener-
ally very slow, regardless of whether the stand was affected
by single or compounded disturbances. The scarcity of
P. engelmannii and A. lasiocarpa regeneration is somewhat
surprising, given retrospective studies that indicate rela-
tively rapid post-disturbance regeneration of these species
(Rebertus et al. 1992), and may be due to unfavourable
climate following the 2002 fires. Although we did not
detect any difference in regeneration between old stands
that were affected only by fire and those that were affected
by outbreak then fire, we recognize that further research is
necessary to more completely understand the effects of sin-
gle vs compounded disturbances, especially in relatively
old stands.

Generally, compounded disturbances have the potential
to alter post-disturbance regeneration by either reducing
seed source or by increasing the intensity of the secondary
disturbance (Kulakowski & Veblen 2007), which in turn
may negatively influence soil and other micro-environ-
mental conditions (Fonturbel et al. 2011). These two influ-
ences may be of minimal consequence for the vegetative
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reproduction of P. tremuloides. Although it is conceivable
that compounded disturbances may increase overall
disturbance intensity to the point that below-ground
P. tremuloides rtoots are killed, and therefore post-
disturbance re-sprouting is impeded (e.g. Parker & Parker
1983), we found no such effect in our study. Instead, our
data suggest that compounded disturbances favour overall
P. tremuloides dominance in a landscape co-dominated by
P. tremuloides and conifers. Similarly, D’Amato et al.
(2011) recently reported that stands affected by com-
pounded disturbances (blowdown then fire, as well as
blowdown, logging, then fire) in Minnesota were largely
dominated by P. tremuloides in contrast to those affected by
only fire. These findings are especially significant as there
has been recent concern about the apparent decline of
P. tremuloides in some regions (Worrall et al. 2008). How-
ever, our data indicate that P. tremuloides may be favoured
in ecosystems affected by compounded disturbances,
which may become more important in the future. As
climate change is increasing the extent, severity and
frequency of various forest disturbances including fires,
outbreaks of bark beetles and wind storms, it is increasingly
likely that forest stands may be affected by compounded
disturbances. If disturbances in rapid succession become
more common in the future, then such conditions may
favour P. tremuloides and other species that reproduce vege-
tatively over those that reproduce exclusively from seed.
Thus, under more extreme climate conditions and associ-
ated disturbance regimes, some coniferous forests may shift
to an alternate stable state dominated by P. tremuloides.
However, the susceptibility of P. tremuloides to climate-
induced die-off (Anderegg et al. 2012; Hanna & Kulakow-
ski 2012), as well as predicted reductions in its area of
suitable habitat under climate warming scenarios (Rehfeldt
et al. 2009), create considerable uncertainty about how
the interaction of disturbances with climate variability will
affect the future extent of P. tremuloides communities.

Conclusions

Following the 2002 fires in western Colorado, tree regener-
ation varied according to pre-fire conditions, including for-
est type, stand age (resulting from long-term disturbance
history) and recent disturbance history. Densities of conifer
seedlings were significantly reduced following a combina-
tion of blowdown and fire, in comparison to fire alone.
While regeneration of conifers was significantly reduced by
compounded disturbances, the regeneration of P. tremulo-
ides appears not to have been negatively influenced. This
suggests the possibility that compounded disturbances in
Rocky Mountain sub-alpine forests may favour the domi-
nance of P. tremuloides, where viable P. tremuloides roots
exist underground. Disturbances by insect outbreaks, wind
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storms and fires are expected to increase under climate
change scenarios. Our data suggest that the compounding
of disturbances is likely to alter post-disturbance ecosystem
development and may contribute to an increased complex-
ity of potential stand trajectories that are contingent on
combinations of compounded disturbances.

A possible shift in dominance toward P. tremuloides
resulting from compounded disturbances may in turn
reduce future forest susceptibility to fires, bark beetle out-
breaks and wind disturbances, as P. tremuloides are less sus-
ceptible to these disturbance agents than are conifers (van
Wagner 1977; Veblen et al. 2001; Kulakowski & Veblen
2002, 2007; Kulakowski et al. 2003). Hence, increased
dominance by P. tremuloides may contribute to a negative
feedback that may diminish the probability and/or severity
of future disturbances and thus increase overall forest eco-
system resilience.

Ecological disturbances are increasing in extent, severity
and/or frequency in many systems worldwide and are
predicted to continue increasing as the climate changes
(Dutzik & Willcox 2010). In this context, the current work
indicates that combinations of disturbances can affect
post-disturbance development in unique ways that are
contingent on pre-disturbance composition and on poten-
tial disturbance interactions. Future work, especially pre-
dictive models of forest development under different
climate scenarios, should explicitly consider how potential
interactions among disturbances affect trajectories of
ecosystem development.
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