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ABSTRACT

Ecosystem resilience to climate change is contingent on post-disturbance plant regeneration. Sparse gymnos-
perm regeneration has been documented in subalpine forests following recent wildfires and compounded dis-
turbances, both of which are increasing. In the US Intermountain West, this may cause a shift to non-forest in
some areas, but other forests may demonstrate adaptive resilience through increased quaking aspen (Populus
tremuloides Michx.) dominance. However, this potential depends on ill-defined constraints of aspen sexual re-
generation under current climate. We created an ensemble of species distribution models for aspen seedling
distribution following severe wildfire to define constraints on establishment. We recorded P. tremuloides seedling
locations across a post-fire, post-blowdown landscape. We used 3 algorithms (Mahalanobis Typicalities,
Multilayer Perceptron Artificial Neural Network, and MaxEnt) to create spatial distribution models for aspen
seedlings and to define constraints. Each model performed with high accuracy and was incorporated into an
ensemble model, which performed with the highest overall accuracy of all the models. Populus tremuloides
seedling distribution is constrained primarily by proximity to unburned aspen forest and annual temperature
ranges, and secondarily by light availability, summer precipitation, and fire severity. Based on model predictions
and validation data, P. tremuloides seedling regeneration is viable throughout 54% of the post-fire landscape,
97% of which was previously conifer-dominated. Aspen are less susceptible to many climatically-sensitive dis-
turbances (e.g. fire, beetle outbreak, wind disturbance), thus, aspen expansion represents an important adap-
tation to climate change. Continued aspen expansion into post-disturbance landscapes through sexual re-
production at the level suggested by these results would represent an important adaptation to climate change
and would confer adaptive forest resilience by maintaining forest cover, but would also alter future disturbance
regimes, biodiversity, and ecosystem services.

1. Introduction

Buma and Wessman, 2011). Communities that are no longer resilient
under altered conditions may cross tipping points (Keeley et al., 1999;

Ecosystem function and resilience during a time of directional cli-
mate change are contingent on regeneration of plant communities.
Plant communities are altered through disturbance and regeneration,
processes that are in turn influenced by existing community structure
and composition (Sousa, 1984; White and Pickett, 1985; Turner, 2010).
The frequency and severity of fire, blowdown, and insect outbreaks
(among other disturbances) are increasing in many temperate ecosys-
tems due to climate change (Dale et al., 2001; Westerling et al., 2006;
Allen, 2007; Evangelista et al., 2011; Siedl and Rammer, 2016), se-
lecting for communities that can quickly regenerate during short in-
tervals between disturbances or after severe disturbances (White, 1979;

Gunderson, 2000), manifest as a shift to an alternate stable state fol-
lowing a large disturbance (Franklin, 1992; Turner et al., 1993). For
example, subalpine forests of the interior western United States that are
adapted to large, infrequent fires replenish the seed bank in a timeframe
appropriate for the disturbance regimes of their evolutionary history,
but in some cases a recent shortening of intervals between severe fires
has compromised resilience and resulted in conversion to non-forest
due to a lack of seed bank and post-fire regeneration (Buma et al., 2013;
Harvey et al., 2013). The implications of shifting disturbance regimes
on the resilience of forest ecosystems hinge on post-disturbance re-
generation under altered climate conditions.
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Altered climate may not only lead to transitions to non-forest, but
also from one forest type to another, the latter potentially representing
adaptive resilience. Such shifts in forest type are partly a function of
stand-level species composition at the time of disturbance and the
success of species-specific regeneration strategies under novel climate.
In recent decades, gymnosperm spruce, fir, and pine species, which
together dominate the subalpine forests of western North America, have
been severely affected by a host of individual and interacting dis-
turbances, especially wildfires, insect outbreaks, and wind storms
(Veblen et al., 1991, 1994; Eisenhart and Veblen, 2000; Baker et al.,
2002; Kulakowski and Veblen, 2002, 2006, 2007; Bigler et al., 2005).
Although such disturbances have long shaped these ecosystems, dis-
turbance frequency, intensity, and size have been increasing
(Westerling et al., 2006; Evangelista et al., 2011). In contrast to con-
ifers, the angiosperm quaking aspen (Populus tremuloides Michx.) is less
likely to experience high mortality from most disturbances and has
multiple regeneration strategies that may confer resilience against
changing environmental conditions, setting the stage for a disturbance-
mediated change in forest type, potentially over large areas
(Kulakowski and Veblen, 2002; Kulakowski et al., 2003; Buma and
Wessman, 2012; Kulakowski et al., 2013a; Yang et al., 2015).

Populus tremuloides is the most widely distributed tree species in
North America and performs many important ecological functions
(Romme et al., 2001; Rogers et al., 2014; Rogers, 2015; Krasnow and
Stephens, 2015). Populus tremuloides trees promote biodiversity, act as
firebreaks, and provide many ecosystem services (Chong et al., 2001;
Chong and Stohlgred, 2007; Zeigenfuss et al., 2008; Buck and St. Clair,
2012). Despite its broad niche, P. tremuloides has undergone extensive,
rapid mortality in some parts of its range (Hogg et al., 2008; Worrall
et al., 2010; Hanna and Kulakowski, 2012). In other parts, it has be-
come dominant in post-disturbance areas previously dominated by
conifers (Smith et al., 2011; Kulakowski et al., 2013 b). Broad-scale
models of P. tremuloides distribution and its environmental constraints
have predicted both a shifting and a shrinking of its range in the near
future (Iverson and Prasad, 1998; Gustafson et al., 2003; Rehfeldt et al.,
2009). Populus tremuloides dominance on the landscape has fluctuated
over centuries in response to large, infrequent disturbances
(Kulakowski et al., 2004, 2006) and climate (Morelli and Carr, 2011).
Thus, some observed declines in aspen dominance may be normal and
do not necessarily represent a net loss of aspen over the long term or
broad spatial scales (Kulakowski et al., 2004, 2006, 2013a; Brown et al.,
2006; Rogers et al., 2014). However, recent climate trends have clearly
driven some P. tremuloides mortality (Hogg et al., 2008; Worrall et al.,
2010; Hanna and Kulakowski, 2012). There is no consensus as to how
the cumulative effects of range expansion and increasing mortality of P.
tremuloides in North America are balancing out (Rogers et al., 2013).
Spatial modelling at the landscape scale can provide important insights
into these issues (Yang et al., 2015).

In northern Colorado, conifer regeneration was sparse following the
large, severe Mt. Zirkel wildfire of 2002 where fire was preceded by an
extensive blowdown in 1997, but much of the same area exhibited in-
creased P. tremuloides following the 2002 fires (Kulakowski et al.,
2013b). Kulakowski et al. (2013b) did not distinguish P. tremuloides
seedling regeneration from vegetative resprouting, thus it was not clear
whether new aspen individuals established across the landscape, or
whether aspen that existed before the fire were simply resprouting.
Another study in the same fire complex found ample regeneration of P.
tremuloides from seed in areas of high fire severity (Buma and Wessman,
2012), but did not examine its spatial distribution across the burned
area. This leaves unanswered the questions of whether and to what
extent P. tremuloides may be expanding its range through seedling es-
tablishment after compounded disturbances. It has been suggested that
a vast majority of aspen stands in the U.S. Intermountain West have
persisted through asexual vegetative resprouting with little to no
seedling regeneration for thousands of years (Barnes, 1966; Einspahr
and Winton, 1976; Cook, 1983; Mitton and Grant, 1996). However, in
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recent years, episodes of P. tremuloides seedling establishment have
been confirmed in various regions of Rocky Mountain subalpine forests,
bringing the rarity of these events into question (Peterson and Peterson,
1992; Kay, 1993; Romme et al., 1997, 2001, 2005; Landhé&usser et al.,
2010; Long and Mock, 2012; Kulakowski et al., 2013b). The 2002 Mt.
Zirkel fire in northwestern Colorado provides an opportunity to ex-
amine the environmental constraints on P. tremuloides seedling estab-
lishment in this region following large, severe wildfire and to examine
the role of P. tremuloides sexual reproduction in adaptive forest resi-
lience where compounded disturbances have compromised conifer re-
generation strategies (Kulakowski et al., 2013b). Little is known about
the constraining biophysical factors that influence this process across
complex landscapes. Here we present an ensemble spatial distribution
model that defines the environmental constraints on P. tremuloides
seedling establishment and predicts the distribution of aspen seedlings
following the large, severe fires of 2002.

While P. tremuloides sexual regeneration in the US Rocky Mountains
is understood to be rare due to exacting temperature and moisture re-
quirements (McDonough, 1979), we predict that these constraints are in
fact sufficiently permissive to allow for widespread P. tremuloides re-
cruitment across a landscape where conifer dominance is lost, thus
potentially conferring adaptive forest resilience in response to warming
climate and higher-frequency disturbance return intervals. Given ade-
quate climatic and other biophysical conditions, P. tremuloides may,
through its long-range dispersal range (McDonough, 1985; Howard,
1996; Long and Mock, 2012), role as a pioneer colonizer (Perala, 1990,
Calder and St. Clair, 2012), and high stress tolerance (Lieffers et al.,
2001; Buck and St. Clair, 2012), regenerate after compounded and
otherwise intense disturbances where regeneration mechanisms of
conifers have fallen short (Kulakowski et al., 2013b).

Hypotheses:

H1. We predict that post-fire P. tremuloides seedling establishment will
be primarily constrained by low temperatures and lack of precipitation,
which affect P. tremuloides seedlings’ ability to compete with other
regenerating vegetation.

H2. Despite these constraints, we predict that stand-replacing fires and
compounded disturbances create low-competition conditions that are
highly conducive to P. tremuloides regeneration from seed, including in
areas beyond its pre-disturbance distribution, where forest regeneration
has otherwise been compromised by compounded disturbance.

2. Materials and methods
2.1. Study area

The study area lies within Routt National Forest, straddling the
western boundary of the Mt. Zirkel Wilderness in northern Colorado.
The 6300-ha study area is defined as the area that burned at high-se-
verity (stand-replacing according to field survey and Monitoring Trends
in Burn Severity categories 4 and 5; MTBS, 2015) during the 2002 Mt.
Zirkel Fire Complex west of the Continental Divide (Fig. 1). The study
area has a continental climate and is dominated by Pinus contorta, Po-
pulus tremuloides, Picea engelmannii and Abies lasiocarpa. The region’s
upland soils are coarse-textured glacial deposits and Precambrian
crystalline parent material, while valleys are derived from poorly-
drained alluvial deposits (Snyder et al., 1987). The elevation of the
study area ranges from 2400 to 3600 m above sea level. Average tem-
peratures range from —17.1 °C (January) to 28.1 °C (July). Mean an-
nual precipitation is 60.2 cm of rain and 423 cm of snowfall (WRCC
2015, http://www.wrcc.dri.edu/).

Portions of the study area were affected by stand-replacing fires in
1879 and 1880 (Kulakowski and Veblen, 2002). Within and around the
study area, a total of 12,354 ha of forest burned in the 2002 Mt. Zirkel
Fire Complex, approximately 4,000 ha of which had been blown down
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Fig. 1. The study area is the portion of Routt National Forest that burned at high severity
(MTBS = 4) during the 2002 Mt. Zirkel Fire Complex west of the Continental Divide.
Two-thirds of the study sites were incorporated as training data (white) while one-third
were reserved for model validation (validation points not pictured here; see Fig. 3).

in a severe windstorm 5 years earlier.

2.2. Data

Populus tremuloides seedling presence data were collected at 102
sites in 2010. In 2015, 23 additional sites were added to the dataset to
increase the breadth of environmental heterogeneity. Nine of the ori-
ginal sites were also revisited in 2015 to confirm persistence of P. tre-
muloides seedlings. Seedlings were counted in 20 or 225 m? plots along
75-100 m long transects located in areas of homogeneous burn se-
verity, topographic position, and pre-fire dominance, following the
methods of Turner et al. (2003) and Buma and Wessman (2011). Plot
sizes are variable because we have incorporated data from multiple,
independent field surveys. We followed a stratified-random sampling
design to select sites of different age, species composition, and type(s)
of recent disturbance (blowdown, fire, or blowdown and fire). Seedlings
were distinguished from ramets by their tapering below the root-shoot
interface and aboveground morphology (Kay, 1993; Renkin et al.,
1994). In very rare cases of uncertainty, seedlings were uprooted to
definitively distinguish seedlings from ramets. All 125 sites had no
vegetative root sprouts of P. tremuloides (determined based on no recent
history of aspen presence and physical examination of all within-plot
seedlings and ramets) and were included our analysis, while a small
number of other sites were not included because vegetative ramets were
present. Sites with no P. tremuloides were recorded as absence points,
however, the number of these was small (n = 9; these are not part of
the 125 sites reported in this study) and thus our models were based on
pseudoabsence points, background points, or presence-only data rather
than true absence data (see appendix for detailed descriptions).

Five explanatory biophysical factors were included in the models
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(Table 1) using raster datasets represented with 30 X 30 m pixels.
These five variables were selected from numerous potential explanatory
variables, including pre-fire stand structure (Kulakowski et al., 2013b),
disturbance history over the last 300 years (Kulakowski et al., 2013b),
and 19 bioclimatic factors (Hijmans et al., 2005) derived from PRISM
temperature and precipitation data. PRISM data are the result of a
variety of modelling techniques using a wide range of monitoring net-
works and sophisticated quality control measures (PRISM, 2004). In-
cluded in this monitoring network is a station that lies within the study
area itself. All factors were tested for collinearity and redundant vari-
ables (r > 0.7) were removed. We selected five variables (described in
the remainder of Section 2.2) based on results from tests of collinearity,
preliminary model runs, and known environmental constraints of aspen
distribution, growth and survival (McDonough, 1979; Howard, 1996;
Rehfeldt et al., 2009).

2.3. Distance from unburned seed source

Because seed rain decreases with increased distance from seed
source, distance from unburned aspen was incorporated into the
models. Stands dominated by P. tremuloides that did not burn in the
2002 Mt. Zirkel Fire Complex were digitized in ArcGIS 10.3 from
ArcGIS World Imagery (ESRI et al., 2016). The distance from the
nearest unburned mature aspen-dominated stand was calculated in a
GIS for each 30 x 30 m cell within the study area.

2.4. Summer precipitation

Drier weather results in loss of turgor potential and germinability in
P. tremuloides seed (McDonough, 1979). Because soil moisture could not
be measured at a sufficiently fine spatial resolution across the entire
6300-ha, topographically complex landscape, summer precipitation
was used asa proxy for water availability. PRISM temperature and
precipitation 30-year normals from 1981 to 2010 (PRISM, 2004) were
used to calculate the average amount of precipitation received during
the warmest quarter of the year. These data were then resampled from
4 X 4km to 30 X 30 m using cubic interpolation to capture fine-scale
variability and to match the resolution of the other environmental
variables used in the analysis.

2.5. Annual range of temperature

Aspen seed germination and establishment are temperature-depen-
dent and sensitive to cyclical fluctuations (McDonough, 1979, 1985).
PRISM temperature 30-year normals from 1981 to 2010 (PRISM, 2004)
were used to calculate the average annual range of temperature. These
data were resampled from 4 x 4km to 30 X 30 m using cubic inter-
polation to estimate fine-scale variability and to match the resolution of
other environmental variables.

2.6. Topography-based solar radiation

Trends in light availability have been used in plot-based studies and
broad-scale models to predict the growth and distribution of P. tremu-
loides (Mittanck et al., 2014), and a stand in the light is more conducive
to aspen seedling establishment (Morelli and Carr 2011; Wan et al.,
2014). The total hours of direct solar radiation per year were calculated
in the study area for each 30 x 30 m cell based on a 30 x 30 m Digital
Elevation Model (USGS 2015) using the Area Solar Radiation analysis in
ArcGIS 10.3. Differences in solar radiation due to latitude are quite
small given the scale of the study area, but site solar radiation due to
aspect and surrounding topography is quite variable given the rugged
terrain of the landscape.
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Table 1
Data attributes.
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Data Source

Spatial resolution Time period

In-situ observations
Digitization of ESRI World Imagery

Aspen seedling presence
Distance from unburned seed source

Summer precipitation PRISM
Annual temperature range PRISM
Annual hours of sunlight Derived from USGS DEM
Burn Severity MTBS

15 X 15m or 2 X 1 m aggregated to 75 X 75 m 2010, 2015
30 X 30 m 2003
4 x 4 km resampled to 30 x 30 m 1981-2010
4 x 4 km resampled to 30 x 30 m 1981-2010
30 x 30 m N/A
30 X 30 m 2002

2.7. Burn severity

High-severity burns, particularly when compounded with other
disturbances, have been associated with complete organic soil reduc-
tion (Buma et al., 2014) and increased aspen dominance (Kulakowski
et al., 2013b) in Rocky Mountain subalpine forests. Burn severity
throughout the study area was determined based upon differenced
Normalized Burn Ratio values (ANBR; Key et al., 2004) classified into
ecologically significant classes according to imagery, in-situ plot data,
and analyst experience by Monitoring Trends in Burn Severity for the
Burn Ridge and Hinman fires of 2002 (MTBS, 2015). Only sites that
burned in high-severity fires (classes 4 and 5) were included in the
study area by design, thus the inclusion of burn severity class as a factor
in the models represents a nuanced measure of the amount of green
vegetation consumed in stand-replacing fire.

2.8. Models

The purpose of our modelling analysis was (1) to compare the utility
of independent and ensemble modelling techniques for predicting P.
tremuloides establishment (Araujo and New, 2007; Elith and Graham,
2009), and (2) to use the best-performing technique (whether in-
dependent or ensemble) to make ecologically relevant inferences on
post-fire P. tremuloides recruitment. Three individual models were cre-
ated to predict P. tremuloides seedling establishment following severe
wildfire, each implementing a different algorithm (Mahalanobis Typi-
calities, Multilayer Perceptron Artificial Neural Network, and MaxEnt)
to yield a balance of different approaches and parameter settings. Key
differences between the three approaches include three representations
of non-presence (presence-only, pseudo-absence, or background points)
and the weighting of environmental factors (Table 2). Further details
regarding each algorithm and the parameters used are given in the
appendix. Each model was iterated and evaluated 5 times. All models
used the same partitions of training, testing and environmental gradient
data.

2.9. Model evaluation

Data reserved for model validation were used to calculate each
model’s overall accuracy and area under the receiver operating char-
acteristic curve (hereafter AUC; Fielding and Bell, 1997; Phillips et al.,

Table 2
Model algorithm attributes. For more detail regarding model differences, refer to ap-
pendix.

Model algorithm Factor Observation data Reference
weighting type

Mahalanobis Equal Presence-only Foody et al. (1992)
Typicalities

Multilayer Variable Presence- Atkinson et al.
Perceptron pseudoabsence (1997), Civco

(1993)
MaxEnt Variable Presence- Phillips et al.
background (2006a)

2006a, 2006b). For each model, we defined a confidence threshold as
the value which included exactly 90% of the training presence points,
thus maintaining omission errors below 10%, following standard con-
vention of species distribution modelling (Pearson et al., 2007; see also
Gill and Sangermano, 2016). This threshold was used to determine
overall accuracy and to delineate areas of high-confidence P. tremu-
loides seedling establishment for comparison against other area mea-
sures of the landscape (previous conifer dominance, fire severity,
compounded blowdown and fire). Overall accuracy was calculated by
dividing the number of correct testing data points (presence points
above high-confidence threshold and background points below) by the
total number of testing data points. AUC is a threshold-independent
metric that evaluates model performance continuously across all levels
of confidence in establishment (Phillips et al., 2006a). The use of AUC
in evaluating species distribution models has been criticized for being
sensitive to study area size, which both inflates AUC when background
data are drawn from spatially extensive study areas and creates in-
consistencies when comparing AUC values from study areas of vastly
different sizes (Lobo et al., 2008; Jimenez-Valverde, 2011). For these
reasons, we have kept our study area small and consistent for all models
used and we calculated overall accuracy.

2.10. Ensemble model creation

Each of the 3 models surpassed the quality standard of average
AUC > 0.7 after 5 runs and was incorporated into the ensemble model
(Araujo and New, 2007; Elith and Graham, 2009). The ensemble model
was calculated by averaging the likelihood of P. tremuloides presence
from the 3 models for each cell (Mermion et al., 2009), thus high-
lighting areas of model convergence and conferring confidence in
modelled P. tremuloides recruitment. This ensemble model was then
evaluated in the same manner as the other models.

3. Results

Each of the three algorithms— Mahalanobis Typicalities, Multilayer
Perceptron Artificial Neural Network, and MaxEnt—yielded models
that performed with high accuracy (Table 3). The MaxEnt model
yielded the highest AUC and the ensemble model yielded the highest
overall accuracy (Fig. 2; Table 3; see also Fig. A.1). Descriptions of
individual model results are provided in the appendix.

MaxEnt-derived measures of variable importance indicated that the
two environmental variables that were most important in accurately
predicting aspen seedling establishment were distance from unburned

Table 3
Confidence thresholds and model performance. AUC is threshold-independent.

Model 90% Training Presence Overall AUC
Confidence Threshold Accuracy
Mahalanobis 0.42 76% 0.774
Typicalities
Multilayer Perceptron 0.56 59% 0.734
MaxEnt 0.42 75% 0.848
Ensemble 0.47 77% 0.803
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Fig. 2. Predicted aspen seedling establishment following stand-replacing
wildfire according to four distribution models implementing the same data.
Points represent testing data, which were held separate from the 67% of the
dataset used for model training. A — Mahalanobis Typicalities, B —
Multilayer Perceptron ANN, C — MaxEnt, D — Ensemble.

Testing Data
®Presence

oNon-presence 4

Likelihood SR o %90
- 1.0 %
) ° 0 25 ° N
0.0 bt L+ 1 1 1 km
Table 4

MaxEnt measures of variable importance for aspen recruitment.

Variable Percent contribution Permutation importance
Distance from seed source 36.6 27.6

Annual temperature range 26.3 31.1

Annual hours of sunlight 25.1 22.8

Summer precipitation 8.1 14.7

Burn severity 3.9 3.8

seed source and annual range of temperature, whether measured by
percent contribution or permutation importance (Table 4). Annual
hours of sunlight also made important contributions to the MaxEnt
model. The inclusion of summer precipitation improved the model’s
performance moderately, and burn severity (between classes 4 and 5)
was of only slight importance to the model relative to the other factors.

Response curves of successful recruitment were as expected, based
upon current understanding of aspen seedling establishment (Fig. 3).
Modelled recruitment was highest close to unburned seed source. The
predicted distance at which successful establishment drops below the
90% confidence threshold is 2.0 km. The model predicted that seedlings
are capable of establishing at distances beyond 2 km but only very
rarely beyond 6 km. Establishment was most consistently high at levels
of moderate annual range in temperature (33.5-37 °C annual range),
and was even higher in areas of extreme intra-annual temperature
variability (> 38.5 °C), although model iterations exhibited greater
divergence at this extreme range (Fig. 3). Establishment was more

160

successful under increased hours of direct solar radiation, until >
4100 h/yr (Fig. 3). Higher levels of summer precipitation were asso-
ciated with high success of establishment, peaking at roughly 208 mm
(Fig. 3), but this was complicated by the interaction of precipitation
with the other factors (Fig. A.2). Lowest levels of summer precipitation
(< 110 mm) did not indicate especially low recruitment (< 0.4), but
iteration differences at these lowest precipitation levels were high.
Highest probabilities of establishment following stand-replacing fires
(severity classes 4 and 5) were associated with burn severity category 5,
although differences between categories 4 and 5 were slight (52% and
63%, respectively).

The Ensemble Model performed with higher overall accuracy than
any of the individual models, and had the second-highest AUC (Fig. 2;
Table 3). In the northern Hinman Fire region, high confidence of suc-
cessful establishment was located at lower elevations and along high,
south-facing slopes in the east. The southern Burn Ridge region was
characterized by patchy areas of mixed recruitment success in the west
and mostly low success at the highest elevations and in the east
(Fig.2d). In total, the Ensemble Model predicted with high-confidence
that 54% of the landscape has successful P. tremuloides establishment.
Over 58% of the area that was both blown down and burned exhibited
high-confidence successful establishment (Fig. 4). Nearly all (97%) of
the area predicted by this model to have high-confidence seedling es-
tablishment was dominated by conifers before the 2002 fires.
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Fig. 3. Response curves of aspen seedling distribution to four environmental gradients implemented in each of the models. Response to categorical burn severity cannot be plotted on a
curve, but aspen seedlings had approximately 54% chance of establishment in either category (burn severity class 4 or 5). Shading depicts = 1 standard deviation.
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Fig. 4. The ensemble model predicted aspen establishment with high confidence (green/
light grey) across 54% of the severely-burned (stand-replacing, MTBS class 4-5) study
area. Ninety-seven percent of this area of high-confidence modelled recruitment was
conifer-dominated before 2002, and it covers 58% of the area that was severely blown
down (> 50% mortality) before burning (compounded disturbance represented by cross-
hatch), the combination of which may inhibit conifer regeneration (Kulakowski et al.,
2013b).

4. Discussion
4.1. Major findings

The current analysis suggests ongoing widespread potential con-
version of forest type from conifer to P. tremuloides dominance fol-
lowing wildfires and compounded disturbances. Modelled presence of
aspen seedlings across a heterogeneous subalpine landscape is con-
strained primarily by proximity to unburned mature P. tremuloides,
range of annual temperatures, and light availability and is secondarily
constrained by summer precipitation and burn severity. These con-
straints are consistent with previous findings that the establishment of
P. tremuloides seedlings is limited by light (Warner and Kimball, 1972),
dispersal range (Howard, 1996), temperature (Zasada and Viereck,
1975; McDonough, 1979), moisture (McDonough, 1979; Mitton, 1980;
Howard, 1996), burn severity (Wan et al., 2014) and distance from
unburned seed source (Howard, 1996)-although aspen seeds have the
potential to disperse much greater distances under rare, optimal con-
ditions, which has been shown probabilistically in our model (Fig.3a)
and empirically (McDonough 1985; Long and Mock, 2012). Im-
portantly, the present study shows that these constraints nevertheless
allow widespread P. tremuloides seedling establishment following severe
fire, possibly leading to an extensive conversion of forest type and ex-
emplifying disturbance-induced adaptive resilience. Further research is
needed to assess the net balance between this increase in post-dis-
turbance aspen regeneration and predicted contraction of P. tremuloides
range due to longer and more severe droughts (Worrall et al., 2008,
2013). This balance may be both temporally and spatially scale-de-
pendent.

Our models offer a nuanced perspective of the niche of P. tremuloides
in the US Intermountain West that is complementary to broader-scale
models of its distribution. The use of broad-scale bioclimatic envelope
models has brought about important strides toward understanding the
factors contributing to aspen decline (Worral et al., 2013). However,
consideration of community type (especially distinguishing sexual
versus vegetative reproduction strategies) and stochastic disturbances
has been largely missing from these models. The relative frequency of
sexual vs. asexual reproduction influences long-term dominance and
persistence of P. tremuloides at the landscape scale (Mock et al., 2008),
partly determining whether communities are seral or stable (Calder and
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St. Clair, 2012; Rogers et al., 2014). The current study suggests that P.
tremuloides can successfully regenerate from seed following stand-re-
placing fires across environmental conditions broad enough to be found
throughout much of the post-fire subalpine landscape in the Rocky
Mountains. Our data suggest that the area that is most conducive to P.
tremuloides seedling establishment was almost entirely dominated by
conifers before the 2002 wildfires. This broad niche of P. tremuloides
seedling establishment also covers 58% of the forest that was blown
down in 1997 and subsequently burned in 2002, in which compounded
disturbances reduced conifer regeneration (Kulakowski et al., 2013b).

While additional research is needed to quantify the degree to which
modelled seedling presence translates to realized colonization, the
models presented in the current study demonstrate that a majority of
the severely burned landscape is biophysically similar to those sites at
which P. tremuloides seedlings were recorded. As regenerating aspen
stands continue to develop to the point that they are spectrally distin-
guishable from the rest of the post-fire environment, it may become
possible to remotely detect the area of realized colonization in coming
years (Bergen and Dronova, 2007; Mittanck et al., 2014).

4.2. Implications for future ecosystem function and management

If newly established P. tremuloides persist under future climatic
conditions, the landscape will remain in a forested state, but may shift
from coniferous toward deciduous forest type, either temporarily
(Calder and St. Clair, 2012) or as stable aspen forest (Rogers et al.,
2014). This adaptive resilience would have important implications for
ecosystem function and management, including biogeochemical cy-
cling, disturbance regimes, and ecological services (Turner et al., 2003;
Buma and Wessman, 2013; Rogers et al., 2014; Rogers, 2015). Sub-
alpine P. tremuloides stands provide increased soil moisture, respiration,
and nutrient concentrations compared to subalpine conifer stands and
meadows (Buck and St. Clair, 2012), and can serve multiple functional
purposes (Rogers et al., 2014). Stands dominated by P. tremuloides are
less-susceptible to fire, blowdown, and insect outbreak than the En-
gelmann spruce, subalpine fir, and lodgepole pine stands that dominate
subalpine forests in this region (van Wagner, 1977; Veblen et al., 2001;
Kulakowski and Veblen, 2002, 2007; Kulakowski et al., 2003, 2013b). A
possible broad-scale reduction in susceptibility to these disturbances
due to increased P. tremuloides prevalence may serve asa negative
feedback to the effect of warming temperatures on fire, beetle outbreak,
and blowdown frequency and severity in these forests. Widespread
seedling establishment of P. tremuloides increases genetic diversity
within and among aspen stands, which could be critical to future ex-
pansion, persistence, or decline of aspen in the region (Stevens et al.,
1999), and should be the focus of future research and management
(Long and Mock, 2012).

4.3. Limitations

While our field data and landscape modelling of aspen seedling
presence indicate potential conversion of forest types from seral to
stable aspen (Rogers et al., 2014; Carter et al., 2017), we acknowledge
several limitations to this study. First, the current analysis lacks fine-
scale temporal sensitivity—monthly or annual temperature and pre-
cipitation variables may be more important in the early stages of
seedling establishment than the multi-decadal climatic factors we
evaluated (Hanna and Kulakowski, 2012; Hansen et al., 2016). Second,
modelled recruitment represents some level between the fundamental
and realized niche (Mittanck et al., 2014) of seedling establishment,
and further work is needed to quantify the realized distribution (Araujo
and Guisan, 2006). Third, as aspen is a widely distributed species with a
broad variety of ecological roles and niches across its distribution
(Rogers et al., 2014), generalizations to the broader range of P. tremu-
loides should be made cautiously (Elith and Leathwick, 2009). Fourth,
although we recorded persistence of seedlings through 2015 at many

162

Forest Ecology and Management 404 (2017) 156-164

sites used in this analysis, the persistence of aspen over the coming
decades is uncertain and is contingent on a variety of factors, including
suitable climatic conditions (Gill et al., in press). Finally, our analysis
was based on five key explanatory variables that were identified in
initial model runs as most influential on P. tremuloides seedling estab-
lishment. Two factors we did not consider in final models were pre-fire
stand composition and disturbance history over the past centuries, both
variables that Kulakowski et al. (2013b) found to influence P. tremu-
loides regeneration density (of combined seedling and ramet regenera-
tion). Despite these limitations, the current research highlights that
although compounded disturbances and unfavorable post-disturbance
climate have compromised widespread conifer regeneration in sub-
alpine forests, aspen appear to be regenerating successfully and po-
tentially expanding their distribution (Kulakowski et al., 2013b;Yang
et al., 2015; Carter et al., 2017).

5. Conclusions

While aspen seedling establishment has been thought to be unusual
in the southern Rockies, this study shows that post-fire P. tremuloides
regeneration from seed can be successful across broad biophysical set-
tings, even where the resilience of other tree species is compromised.
Indeed, our models predict P. tremuloides seedling presence with high
confidence across more than half of the area burned in the high-severity
fires of 2002, nearly all of which was dominated by conifers prior to the
fires. This includes over half the area that was affected by compounded
disturbances of 1997 blowdown and 2002 fire that inhibited conifer
regeneration (Kulakowski et al., 2013b). If P. tremuloides regeneration
persists where conifer regeneration has failed, it will serve as a me-
chanism for adaptive resilience and have major implications for com-
munity type conversion (Rogers et al., 2014) and future ecological
dynamics, including disturbance regimes (Kulakowski et al., 2003;
Kulakowski and Veblen 2007), hydrology, and nutrient cycling (Buck
and St. Clair, 2012).

However, important questions remain. Will environmental condi-
tions remain favorable for the regeneration and persistence of aspen?
What feedbacks will result? Is this a rare window of opportunity
(Mitton and Grant, 1996), or are these events not as rare as previously
thought? Future research should pursue these questions and in-
corporate additional relevant factors, especially the role of climatic
variability in successful aspen regeneration. Not only is the persistence
of P. tremuloides important ecologically and economically (Frey et al.,
2004), but understanding the trajectories of its distribution after fire is
critical to managing for future disturbance. An increased proportion of
forest dominated by P. tremuloides may lead to greater biodiversity and
adaptive resilience against many disturbances that have been in-
creasing in frequency and severity throughout subalpine forests of
North America and elsewhere.
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