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Abstract

Introduction: Climate change is expected to impose significant tension on the geographic distribution of tree
species. Yet, tree species range shifts may be delayed by their long life spans, capacity to withstand long periods of
physiological stress, and dispersal limitations. Wildfire could theoretically break this biological inertia by killing forest
canopies and facilitating species redistribution under changing climate. We investigated the capacity of
wildfire to modulate climate-induced tree redistribution across a montane landscape in the central Rocky
Mountains under three climate scenarios (contemporary and two warmer future climates) and three wildfire scenarios
(representing historical, suppressed, and future fire regimes).

Methods: Distributions of four common tree species were projected over 90 years by pairing a climate niche model
with a forest landscape simulation model that simulates species dispersal, establishment, and mortality under alternative
disturbance regimes and climate scenarios.

Results: Three species (Douglas-fir, lodgepole pine, subalpine fir) declined in abundance over time, due to climate-driven
contraction in area suitable for establishment, while one species (ponderosa pine) was unable to exploit climate-driven
expansion of area suitable for establishment. Increased fire frequency accelerated declines in area occupied by Douglas-ir,
lodgepole pine, and subalpine fir, and it maintained local abundance but not range expansion of ponderosa pine.

Conclusions: Wildfire may play a larger role in eliminating these conifer species along trailing edges of their distributions
than facilitating establishment along leading edges, in part due to dispersal limitations and interspecific competition, and

Species distribution

future populations may increasingly depend on persistence in locations unfavorable for their establishment.

Keywords: Forest disturbance, Wildfire, Climate change, Central Rocky Mountains, Climate niche, Species migration,

Introduction

The spatial distributions of many tree species, as well as
the communities they collectively comprise, have been
largely explained by climate variables involving the sea-
sonality and magnitude of air temperature and precipita-
tion (Woodward 1987; Woodward and McKee 1999;
Rehfeldt et al. 2006). Long-standing concepts of species
niche space (Hutchinson 1957; Pearson and Dawson
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2003) have led to the development of empirically defined
bioclimatic envelope models and closely related species
distribution models (hereafter, collectively “climate niche
models”) that can estimate potential plant geographic
distributions under both current and future climates
(Iverson and Prasad 1998; Bakkenes et al. 2002; Bachelet
et al. 2005; Lenihan et al. 2008; Rehfeldt et al. 2012).
However, the degree to which plant species can actually
realize geographic shifts into favorable climate space is
complicated by limitations of dispersal (Neilson et al.
2005; Franklin 2013; Snell 2014), environmental stressors
that result in survival thresholds not apparent in current
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species distributions (McKenzie et al. 2009), competition
in novel climate space (Neilson et al. 2005; Rehfeldt et al.
2012), and disturbance patterns, which may also be altered
by global climate change (Bachelet et al. 2005; Moser et al.
2010; Johnstone et al. 2010; Littell et al. 2010; Loehman et
al. 2010).

To better describe plant migration in the face of con-
temporary climate change, potential plant distribution
models are now being paired with a variety of other
landscape models in order to consider key processes that
may alter the pace and direction of range shifts, includ-
ing competition, reproduction, and dispersal (Scheller
and Mladenoff 2008; Corlett and Westcott 2013; Iverson
and McKenzie 2013); growth and production (Boisvenue
and Running 2006, 2010) and disturbance events
(Conlisk et al. 2012, 2013; Crimmins et al. 2014; Keane
et al. 2013; Halofsky et al. 2013; Vanderwel and Purves
2014). While imperfect, such paring of empirical distri-
bution models with landscape process models is begin-
ning to provide a clearer picture of how plants, and the
terrestrial ecosystems they define, may move in response
to changing climate and disturbance regimes.

The central Rocky Mountains of North America ex-
emplify the combined influence of climate change and
disturbance patterns on tree species migration potential.
Within this mostly forested region, topography and ele-
vation create steep gradients of temperature and precipi-
tation, over which major tree species are predictably
stratified (Daubenmire 1956; Rehfeldt et al. 2008).
Human-induced climate change over recent decades has
already been implicated in the distributional contraction
of some Rocky Mountain tree species (Michaelian et al.
2011; Gitlin et al. 2006; Shaw et al. 2005; Bell et al.
2014a), and a consensus of global circulation models
predict further increases in air temperatures and de-
creases in plant available moisture during the growing
season throughout the region (Boisvenue and Running,
2010). However, as in many forested landscapes, rapid
tree redistribution imposed by climate change in the
Rocky Mountains is potentially resisted via biological in-
ertia, particularly due to long life spans of many tree
species and the capacity of deep-rooted, mature individ-
uals to withstand long periods of physiological stress
(Moser et al. 2010; Johnstone et al. 2010; Littell et al.
2010; Halofsky et al. 2013). By killing forest canopies,
disturbance events such as wildfire can theoretically
break this inertia, both by eliminating populations that
persist in climatically unfavorable locations and by
facilitating establishment of species into newly favor-
able locations (Neilson et al. 2005; McKenzie et al.
2009, Kuparinen et al. 2010). Yet, it is unclear how
shorter fire rotations and greater area burned under
climate change will affect species dispersal and estab-
lishment opportunities.
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Our research goal was to evaluate the capacity of wild-
fire to modulate the response of forest species to climate
change across a climatically diverse landscape in the
central Rocky Mountains of North America, where both
climate and fire regimes are expected to change dramat-
ically over the next century (Flannigan et al. 2000;
Westerling et al. 2006; Barbero et al. 2015). We used a
combination of empirical and simulation modeling to
explore the following:

1. How might future climate change affect the
geographic distribution of favorable climate niche
space for regionally important tree species?

2. How will alternative fire regimes and climate
scenarios affect the ability of tree species to keep
pace with redistribution of favorable sites?

3. How does the pace of redistribution influence the
suitability of landscape locations occupied by each
tree species?

To address these questions, we used non-parametric
multiplicative regression to develop provisional climate
niche models for nine regionally dominant tree species
and two shrub functional types, and coupled output
from these models with a stochastic forest landscape
model that simulates interactions between forest dis-
turbance, dispersal, establishment, competition, growth,
and mortality. The coupled models were used to simu-
late change in species distributions under three different
90-year climate scenarios (current conditions, moderate
warming, and more severe warming and drying) and
three different wildfire scenarios (long, medium, and
short rotation fire regimes, nominally representing sup-
pressed, historical, and future fire regimes, respectively).
We specifically assessed the projected future redistribu-
tion of four of the most dominant and well-distributed
tree species in the region (Douglas-fir, lodgepole pine,
ponderosa pine, and subalpine fir) to determine how
fire might influence shifts in species ranges under cli-
mate change.

Methods

The study area and forest disturbance history

The study area includes ~17,000 km* of mountainous
terrain in the southern Idaho Batholith (Fig. 1). Eleva-
tions range from ~900 to 3600 m, with low elevations
characterized by hot summers and cool winters and high
elevations characterized by short growing seasons and
cold winters. Precipitation ranges from 220 to 1440 mm
annually, most of it arriving as snow, especially at higher
elevations. Natural plant communities are characteristic
of the central Rocky Mountains and include the following:
(1) semi-arid shrub-bunchgrass communities (shrubs
dominated by Artemisia tridentata or Purshia tridentata);
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Fig. 1 Study area. a Geographic features of our 130 x 130 km study
in ID, USA. b Location of our study area in relation to the Rocky
Mountains (shaded area), in western North America. ¢ Representative

vegetation includes rangelands at lower elevations and mixed conifer
forest at higher elevations

(2) montane forests of ponderosa pine (Pinus ponderosa)
and Douglas-fir (Pseudotsuga menziesii); (3) upper montane
and subalpine forests primarily dominated by lodgepole
pine (P. contorta), Engelmann spruce (Picea engelmannii),
and subalpine fir (Abies lasiocarpa); (4) mountain shrub-
lands (may include species of Acer, Artemisia, Ceanothus,
Juniperus, Prunus, Ribes, Rosa, Rubus, Symphoricarpos,
Vaccinium, and others); and (5) alpine meadow. Most land
is publically owned and managed for natural resources and
outdoor recreation.

Historically, fire has been a key disturbance agent,
shaping the distribution, composition, and stand-age
structures of these forest communities (Crane and Fisher
1986, Heyerdahl et al. 2008). The mean annual area
burned by wildfire in the study area has grown substan-
tially in recent decades, likely driven by climate variabil-
ity, non-native species, and land-use effects (Morgan et
al. 2008; Abatzoglou and Kolden 2011). Systematically
mapped fires >400 ha from the Monitoring Trends in
Burn Severity (MTBS) project (Eidenshink et al. 2007)
indicate that 41% (683,194 ha) of our study area burned
over a recent 30-year period (1984-2013). In contrast,
historical fire records indicate that only ~4% (~67,000 ha)
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burned during the previous 50 years (Gibson and Morgan
2009), although earlier data likely under-represent actual
area burned due to inconsistent mapping and record
keeping (Gibson 2006). Historical fire regimes in the re-
gion can be broadly characterized as ranging from rela-
tively infrequent, stand-replacing fire in high-elevation
forests and some sagebrush communities, to relatively fre-
quent low- to mixed-severity fire in lower elevation forests
(Heyerdahl et al. 2008). However, variability in climate
and periodic widespread mortality from forest pathogens
also influenced forest conditions and fire regimes over
time (Pierce et al. 2004, Brunelle et al. 2008, Baker 2009,
Whitlock et al. 2011).

General modeling approach

Simulating the redistribution of tree species under alter-
native climate and fire scenarios involved three main
steps. First, we used non-parametric multiplicative re-
gression to develop empirical climate niche models for
each of several tree species and two shrub functional
types. Second, we used future climate projections (for
the years 2030, 2060, and 2090) from two alternative
emission scenarios to project future distributions of each
species’ climate niche. Third, landscape vegetation dy-
namics were simulated over a 90-year period using a for-
est landscape simulation model (FLSM), “LANDIS-II,”
under the two future climate scenarios and three alter-
native fire regimes. Species probability of occurrence
values derived from the climate niche models (in step
two) were used to represent spatially explicit estimates
of species establishment probabilities (SEPs) under
current and future climate within the landscape simula-
tion model. This approach allowed us to compare differ-
ences among projected climate niche distributions and
simulated changes in species redistribution under alter-
native climate scenarios and fire regimes, as constrained
by species dispersal, growth, mortality, and competitive
interactions (described in detail below).

Development of the climate niche models

We used non-parametric multiplicative regression (NPMR)
in HyperNiche (McCune 2006) to predict the climate niche
of the nine tree species and two shrub functional types.
Using NPMR, species distribution responses were predicted
as a function of multiplicative interactions among climate
predictors, using an iterative algorithm that maximizes fit
by analyzing target points in a local neighborhood in pre-
dictor space via distance-weighted smoothing functions.
This process selects variables in a forward-stepwise proced-
ure and produces multiple local models that predict the re-
sponse variable as a prediction surface or curve. We used a
Gaussian weighting procedure with a local mean estimator
that required a minimum average neighborhood size (i.e.,
the number of sample units that contribute to an estimate
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of the response variable at each point. We used 5% of the
sample size). Final model selection used a “leave-one-out,
cross-validation” procedure to reduce over-fitting, a mini-
mum data-to-predictor ratio (10:1), and log-likelihood ratio
improvement criterion to ensure parsimony. NPMR may
have advantages over other niche modeling methods (Lintz
et al. 2011), including the ability to identify non-linear,
multiplicative effects of climate predictors on species occur-
rence patterns, improving the potential to predict “multi-
niche” space (e.g., bimodal species responses).

Response variables used in our NPMR models in-
cluded presence-absence data for each tree species de-
rived from 8888 Forest Inventory and Analysis (FIA)
plots located throughout Idaho (http://www.fia.fs.fed.us/)
that included both forest and non-forest locations. The
Idaho FIA dataset was large enough to include locations
across substantial bioclimatic diversity (portions of seven
US Environmental Protection Agency (2013) level-III
ecoregions) but small enough to exclude distant popula-
tions and genotypes; thus, allowing us to model region-
ally adapted tree populations through their relationships
with climate of the central Rocky Mountains and nearby
locations. Although FIA coordinates are randomly ob-
scured to within 1 km of actual sample location, pre-
dictor variable and projected species distributions have
been shown to be generally statistically equivalent for
models built with true versus obscured FIA locations
(Gibson et al. 2014). The same FIA plot locations were
also overlaid with a vegetation map developed by the
LANDFIRE program (Rollins 2009; http://www.landfire.
gov/) to derive random presence and absence locations
for the two shrub community types. This procedure sim-
ply provided an easy way to acquire a random sample of
spatially accurate locations of the shrub community
types at the same sampling intensity as the tree species.
All tree species and both shrub functional types used
half of the presence-absence data to build the NPMR cli-
mate niche models, and the other half for validation.

Data for contemporary climate (representing the
1961-1990 climate normal period) and future climate
(10-year averages centered on the years 2030, 2060,
2090) were obtained in grid format at ~800 m reso-
lution, from the USDA Forest Service (Crookston and
Rehfeldt 2008). For future projections, we selected the
Geophysical Fluid Dynamics Laboratory (GFEDL) CM2.1
general circulation model, due to warmer temperatures
and generally drier growing seasons projected for our
study area under the Bl and A2 future emission scenar-
ios (Fig. 2). Potential climate variables were assessed,
screened, and selected to represent both seasonal and
annual measures of precipitation, temperature, and
their interactions (Table 1). Precipitation variables
were log-transformed when this improved normality
of distribution.
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Description of the Landis-Il forest landscape simulation
model

We used LANDIS-II v6.0 (Scheller et al. 2007; http://
www.landis-ii.org/) to simulate tree species response to
alternative climate and fire regime scenarios. LANDIS-II
is a stochastic, spatially explicit, raster-based FLSM that
simulates species-specific dispersal, establishment, com-
petition, and mortality based on species life history
traits, disturbance, and affinities to environmental condi-
tions. LANDIS-II and its parent program, LANDIS
(Mladenoff and He 1999), have proven powerful tools
for exploring vegetation response to forest management
(Gustafson et al. 2010; Scheller and Mladenoff 2007;
Shinneman et al. 2010), fire regimes (He and Mladenoff
1999; Sturtevant et al. 2009), biological disturbances
(Sturtevant et al. 2012), and climate change (Scheller
and Mladenoff 2008; Xu et al. 2009; Dymond et al.
2012). In LANDIS-II, simulated landscapes are repre-
sented as a grid of interacting cells, with each cell cap-
able of containing multiple tree or shrub species,
representing one to many age cohorts. LANDIS-II does
not track individual stems, rather it simulates the growth
and mortality of species-age cohorts in each cell, while
simulating ecological process (e.g., seed dispersal, dis-
turbance) at the landscape scale. Whether or not a seed
of a species establishes and commences growth depends
on a user-provided species establishment probability
(SEP) unique to each species within each ecoregion
(compared against a uniform random number (0-1)),
sufficient light, and available propagules. The life history
characteristics defining each species’ reproductive, dis-
persal, and competitive capacity are given in Table 2. We
used a customized version (subsequently released as
v4.1) of the age-only succession extension for LANDIS-
II that allowed us to update SEP values at each 10-year
time step.

Species establishment probability parameterization in
LANDIS-II

For each tree species, the probability of occurrence
values predicted by the NPMR models were spatially av-
eraged for each ecoregion and directly utilized as species
establishment probabilities (SEP) values in LANDIS-IL
SEPs ranging from 0.0 to 0.78 were assigned to 176
unique ecoregions that were delineated using a combin-
ation of three mapped climate variables (Table 1) and
existing forest cover (see Additional file 1: Appendix 1
for detailed methods). Non-forested ecoregions were
assigned SEP values of 0.0 for all tree species under con-
temporary climate based on the assumption that most
area capable of supporting forest cover is currently occu-
pied by trees or mountain shrubs (e.g., in recently dis-
turbed areas) and these generally arid ecoregions have
unsuitable climates for trees. SEP values for the two


http://www.fia.fs.fed.us/
http://www.landfire.gov/
http://www.landfire.gov/
http://www.landis-ii.org/
http://www.landis-ii.org/

Campbell and Shinneman Ecological Processes (2017) 6:7

Page 5 of 17

800 T T T T T — 300
& 700 - 1250 =
O a9
) 4200 @ &
o= 600 - S =
@ £ 4150 § ©
< o
a2 500 | 23
@ et
o -4 100 <&
£ a
z 400 - 150
250 — i f f f f } — 0
<3 435 9
g 55
Ie] -130 g o
TE 200 125 2 8
<& 3 3
: ISI ]
g 120 2 ©
o Z £
o - 15 99 [}
150 L 1 Il 1 1 | 1 L 10
2000 2030 2060 20902000 2030 2060 2090
Year
Fig. 2 Predicted climate conditions under the A2 (solid circles) and B1 (open circles) greenhouse gas emission scenarios (IPCC 2000), averaged for
the entire study area. Climate data were derived from a downscaled version of the Geophysical Fluid Dynamics Laboratory (GFDL) CM2.1 general
circulation model (Crookston and Rehfeldt 2008)

shrub community types were also derived from the
NPMR projections but further modified to better reflect
relationships with forest species (Additional file 2:
Appendix 2). To incorporate the effects of climate
change, SEP values were updated at 10-year time steps
in LANDIS-II by directly using the probability of occur-
rence projections derived from the NPMR models
(described above) for the years 2030, 2060, and 2090 and
by linearly interpolating values for the intervening time
steps (e.g., 2040). To account for the possibility that cli-
mate change could promote tree migration into some
non-forested ecoregions under changing climate, we
allowed 0.0 SEP values in semi-arid shrub-grass

Table 1 Climate predictor variables used to develop species
climate niche models, using non-parametric multiplicative regression

Acronym Definition

MAP? Mean annual precipitation (mm)—Iog transformed

GSP Mean growing season precipitation (mm; April-September)—
log transformed

MTCM Mean temperature (C°) in the coldest month

MTWM Mean temperature (C°) in the warmest month

MMINDDO?  Mean degree-days <0 °C

DD5 Mean degree-days >5 °C

PRATIO Precipitation ratio (GSP/MAP)

SDi® Summer dryness index—(\/DDSAD,,Sem)/GSP

ADI Annual dryness index—(/DD5)/MAP

@Used also to delineate ecoregions in LANDIS-Il model (see Additional file 1:
Appendix 1).

See (Rehfeldt 2006) for methods used to develop these climate data. Climate
variables are further described and data are available

at http://charcoal.cnre.vt.edu/climate/

dominated ecoregions to increase at the same rate as
similar forested ecoregions (i.e., within the same climate
strata combination; see Additional file 1: Appendix 1).
Where land-use change or substantial soil development
would be required for tree establishment (e.g., rock,
snowfield, agriculture), the SEP was held constant (at
0.0) over time.

Fire regime parameterization in LANDIS-II

Fire was used in the model to explore the possibility that
disturbance could mediate species redistribution under
climate change, with variable influence among different
fire regimes. In the LANDIS-II Base Fire Extension
(v3.0.2), stochastically simulated fire regimes are con-
strained by user-determined targets for fire regime
attributes (described below) that can be uniquely param-
etrized for different fire scenarios and different fire re-
gions, and are further modulated by vegetation growth
between fire events and species-specific tolerances to
fire. Fire regions are designed to reflect patterns of geo-
graphic variation in characteristic fire regime attributes,
including mean fire return interval, mean fire size, max-
imum fire size, ignition rate, and the time required for
fuel accumulation to increase subsequent fire severity ef-
fects (Scheller et al. 2007). Fire severity also varies based
on species-specific fire tolerance level (Table 2) and co-
hort age, with younger cohorts more susceptible to fire
mortality than older cohorts (see Scheller et al. 2007).

In our model, four variables were selected to delineate
fire regions (see Additional file 3: Appendix 3 for de-
tails): length of the frost-free season (as a proxy for fire-
season length), growing season precipitation (a proxy for
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Table 2 Species life history attributes used in the LANDIS-II forest landscape simulation model

Species Longevity  Sexual maturity ~ Shade tolerance Fire tolerance Post-fire regeneration Modal seed Max seed
dispersal dispersal
distance distance

(years) (years) (5 = highest) (5 = highest) (mode) (m) (m)

Grand fir 250 20 4 2 In-seed 50 100

Subalpine fir 300 20 5 1 In-seed 50 100

Engelmann spruce 500 15 4 1 In-seed 31 183

Whitebark pine 500 20 2 2 In-seed 100 4000

Limber pine 700 30 2 2 In-seed 100 4000

Lodgepole pine 250 10 1 2 Serotiny 20 60

Ponderosa pine 700 7 2 5 In-seed 37 220

Aspen 200 10 3 1 Resprout 10 500

Douglas-fir 500 12 4 3 In-seed 100 800

Mountain shrub 200 3 3 1 Resprout 100 1000

Semi-arid shrub-grass 250 3 2 1 Resprout 100 1000

fuel and fuel-moisture availability), mean temperature of
warmest month (a proxy for fire-season temperatures), and
current forest cover (to capture fine-scale topographic in-
fluences on fire regimes not resolved in the other climate
variables). The four resulting fire regions reflect a gradient
from generally cold, mesic climates with shorter fire sea-
sons to hot, dry climates with longer fire seasons, and de-
termined fire behavior in both forested and non-forested
areas (Table 3). Each of these four fire regions were dis-
tinctly parametrized within three fire regime scenarios to
reflect relatively long, medium, and short fire rotations and
to nominally represent suppressed, historical, and future

Table 3 Key fire scenario parameters used in the LANDIS-II forest
landscape simulation model

Fire Scenario  Fire Mean rotation  Maximum Interval required
region® target® (years) fire size for highest
target® (ha)  severity (years)
Long rotation 1 5000 5500 120
(uppressed) 2500 5500 250
3 1200 6100 300
4 500 12,500 350
Medium 1 200 77,000 120
rotation
(historical) 2 150 61,000 250
3 120 52,000 300
4 90 92,000 350
Short 1 100 77,000 120
rotation
(future) 2 80 61,000 250
3 60 52,000 300
4 50 92,000 350

“Region 1: upper montane-subalpine forests; Region 2: upper montane and
northerly aspect mesic conifer forest; Region 3: lower montane and montane
southerly aspect dry conifer forests; Region 4: low-elevation,

non-forested, semiarid-shrublands

PLANDIS-II stochastically generates fire events to approximate these targets

fire regimes, respectively (Table 3). The long rotation fire
regime scenario was parameterized using fire data from the
50-year period between 1934 and 1983 (Gibson and
Morgan 2009) when the combined effects of climate and
fire-exclusion likely contributed to a relatively small area
burned in forested ecosystems. The medium rotation fire
regime reflects estimates of fire rotation and severity from
the pre-EuroAmerican settlement era (e.g, Morgan and
Parsons 2001), but was also parameterized by simulating
fire for 1000 years on a completely randomized redistribu-
tion of the initial forest community map, and iteratively
adjusting fire parameters until forest community propor-
tions and distributions reached a quasi-equilibrium and re-
sembled expected historical forest patterns. The short
rotation fire regime scenario represents potential influence
of a warming and drying climate and was calculated using
fire rotation and size trends derived from MTBS data
(Eidenshink et al. 2007) for the most recent 30-year period
(1984—-2013), which has experienced substantial increase in
average area burned compared to the previous 50-year
period. The resulting future fire parameters (Table 3) are
reasonable given contemporary trends, though potentially
conservative based on recently modeled fire projections for
the western USA (e.g., Westerling et al. 2011; Hawbaker
and Zhu 2012, Barbero et al. 2015).

LANDIS-II simulations

LANDIS-II requires an initial, spatially explicit vegetation
map that has tree species and age cohorts assigned to dif-
ferent plant community types. We constructed this initial
community map by spatially interpolating FIA stand data
with LANDFIRE community types (Additional file 4:
Appendix 4). However, in order to attribute any changes
in species distributions to our manipulation of climate
and fire in LANDIS-II, we needed to be confident that
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simulated vegetation dynamics were at or near equilib-
rium (ideally reflecting contemporary forest landscape
conditions) before implementing changes in climate or fire
regime. Thus, we ran the model under historical fire and
contemporary climate conditions until plant community
composition reached a state of quasi-equilibrium (after
~600 years), and then verified that the resulting compos-
ition and distribution approximated contemporary land-
scape conditions (Additional file 4: Appendix 4). Each
alternative future scenario was simulated after this preced-
ing 600-year initialization period, to ensure that effects
documented for the alternative future scenarios were not
due to initial self-regulating model behavior. We then ran
nine alternative models, by fully crossing the three climate
scenarios (contemporary climate and the Bl and A2 s
climate scenarios) with the three fire regime scenarios
(suppressed, historical, future).

Results

NPMR projections of climate change effects on the
geographic distribution of niche space

The selected NPMR models reasonably reflected the
unique climate niche for each species and the arid shrub
community type, and adequately predicted species distri-
butions in our study area based on AUC results (range
0.81-0.93 for all but mountain shrub) for the validation
datasets of presence and absence locations (Table 4).
NPMR models also reflected the unique responses of
each species to climate change. Given limited amount of
high-elevation land available for tree establishment,
warming conditions under both climate scenarios
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contracted favorable locations for establishment for
Douglas-fir, lodgepole pine, and subalpine fir to higher
elevations, though much more substantially for the A2
than B1 climate scenario (Fig. 3). In contrast, area favor-
able for ponderosa pine expanded under both future cli-
mate scenarios. Under the hotter and drier climates
predicted in the A2 scenario, climate niche space favor-
able for ponderosa pine shifted from lower to higher ele-
vations while under the Bl scenario, the upward shift in
elevation was somewhat less pronounced, as warmer
and temporarily wetter climates permitted greater ex-
pansion into elevation zones already occupied (Fig. 3).
For Douglas-fir, lodgepole pine, and subalpine fir, loca-
tions favorable for establishment was reduced to ap-
proximately one third of current levels by 2090 under
the Bl climate change scenario and to nearly zero by
2090 under the A2 scenario. For ponderosa pine, loca-
tions favorable for establishment (establishment prob-
ability >0.20) expanded by 94 and 41% by 2090 under
the B1 and A2 climate scenarios, respectively.

Simulated effects of fire regime and climate change on
species distribution and abundance

Based on FLSM simulations, the spatial distribution,
total area occupied (i.e., number of 1-ha pixels with a
cohort present), and rate of change in area occupied for
each tree species varied by fire regime and climate
change scenarios (Figs. 4 and 5). Under the current cli-
mate scenario, the historical fire regime resulted in rela-
tively steady occupancy rate for all species over the
90-year model period (Fig. 4). Under current climate

Table 4 Climate niche models developed for each tree species and two shrub community types

Species Model predictors® (tolerance) LogB AUC Model presence (n) Validation presence (n)
Grand fir MTCM (1.35) LogMAP (0.04) logGSP (0.08) 510.2 093 971 930
Subalpine fir DD5 (134.25) LogMAP (0.09) PRATIO (0.07) 4240 0.89 1224 1220
Engelmann spruce SDI (0.03) DD5 (268.50) LogMAP (0.04) 2386 0.86 779 772
Whitebark pine MTWM (0.86) MTCM (0.68) 2271 093 348 351
Limber pine MTWM (1.72) MTCM (0.68) PRATIO (0.05) 63.6 0.93 78 69
Lodgepole pine SDI (0.03) MTCM (2.03) LogMAP (0.04) 247.1 0.81 1142 1149
Ponderosa pine MTWM (1.72) MMINDDO (375.70) 2477 0.89 584 552
LogMAP (0.04)
Aspen MTWM (1.72) MTCM (1.35) LogMAP (0.04) 1225 0.87 309 293
Douglas-fir ADI (0.01) MTWM (0.86) MTCM (1.35) 327.1 0.82 2268 2218
Mountain shrub MTWM (1.72) MMINDDO (375.70) 119 0.66 101 93
PRATIO (0.05) logGSP (0.12)
Semi-arid shrub-grass ADI (0.01) SDI (0.03) MTCM (0.68) 2715 0.81 1420 1185

?Refer to Table 1 for predictor abbreviation descriptions. Tolerance = parameter indicating the breadth of the surrounding sample space required to make an
estimate for a given point in the model (specifically, the standard deviation of the Gaussian weighting function for each predictor, given in original units for each
predictor). LogB =1og10 (likelihood ratio), indicating improvement of a new model over the naive model (i.e., where the probability of encountering the species is
the average frequency of occurrence of the species). LogB values vary with number of presence points; thus, is not a good comparison metric among species models.
AUC = area under receiver operating characteristic (calculated for validation on the new sites). Model presence = number of presence points for the model (out of 4445).

Validation presence = number of presence points in the validation dataset (out of 4443)
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Fig. 3 Projections of climatically favorable niche space across elevation under current climate, and the B1 and A2 climate change scenarios.
Under a warmer and drier climate, Douglas-fir, lodgepole pine, and subalpine fir are projected to experience upslope movement of their favorable
niche space, and niche space for these species is projected to shrink substantially by 2090 as even higher elevations become less suitable. Ponderosa
pine, a dominant forest species at lower elevations, is projected to experience expansion of favorable climate niche space. To determine the area of
climatically favorable niche space for a species, we used the probability of occurrence values generated by the NPMR climate niche models, averaged
across each forested ecoregion used in LANDIS-II. These ecoregion values served as species establishment probability (SEP) inputs for the forest landscape
simulation model, LANDIS-II

and suppressed fire regime, the area occupied by sub-  scenario (8 and 29% reduction compared to 2000 levels
alpine fir and Douglas-fir increased over time, while for the Bl and A2 scenarios, respectively); the sup-
ponderosa pine and lodgepole pine decreased. The pressed fire regime resulted in a similar increase in
opposite trend occurred under current climate and the abundance under both climate change scenarios (stabil-
future fire regime, as subalpine fir and Douglas-fir gen-  izing at 128 and 121% over year 2000 levels by 2060 for
erally decreased in area over time, while ponderosa pine the Bl and A2 scenarios, respectively), and the future
and lodgepole pine increased (though only slightly and  (short rotation) fire regime resulted in a decrease in
temporarily for the latter species). The response of abundance, but much more sharply for the A2 (65% re-
lodgepole pine to fire regime was the most erratic, bene-  duction) than the B1 (47% reduction) scenario (Fig. 4).
fiting at different times from both suppressed and future  The influence of fire regime and climate change on the
fire regimes (Fig. 4), and suggesting a dynamic relation- abundance of subalpine fir was similar in pattern and
ship with fire due to its relatively low fire tolerance magnitude to that of Douglas-fir, with the exception that
(resulting in high mortality rates) contrasted with its fire suppression did not as effectively shield subalpine fir
ability to quickly recover after fire through serotiny. from the effects of climate change (Fig. 4). That is, while

Under climate change, a continuation of the historical fire suppression did result in a net increase in the abun-
fire regime led to a slight to modest reduction in abun-  dance of subalpine fir under all climate scenarios, the
dance of Douglas-fir by 2090 depending on climate benefits of less fire were tempered by climate change.
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For ponderosa pine, a suppressed fire regime led to
nearly identical declines in abundance under both cli-
mate change scenarios compared to year 2000 (~18% de-
cline by year 2090), while the future fire regime resulted
in a somewhat greater increase in abundance by 2090
for the B1 (27%) compared to the A2 climate scenarios
(19%). Notably, the influence of climate change on the

abundance of ponderosa pine was negligible to only
slightly positive relative to current climate, depending on
fire regime, despite a large increase in the area newly
suitable for establishment. The simulated effects of cli-
mate change and fire regime are more complicated for
lodgepole pine, which was faced with a substantial re-
duction in area climatically suitable for establishment
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Fig. 5 Modeled contemporary and future species occupancy relative to climatically favorable locations. Year 2000 distributions reflect the landscape after
600 simulated years of contemporary climate and the historical fire regime. Year 2060 and 2090 distributions illustrate a geographic disequilibrium under
the A2 climate scenario for both a continuation of the historical fire regime and a future (higher frequency) fire regime. Under the A2 scenario, persistence
in climatically unfavorable locations is substantial for Douglasfir, subalpine fir, and lodgepole pine, although increased fire frequency reduces this
persistence. In contrast, ponderosa pine loses little of its favorable habitat and benefits from fire in areas that remain favorable. Species occupancy is
defined as the presence of at least one age cohort in a 1-ha grid cell, and climatic favorability is defined as a location where climatically-defined species

establishment probabilities (SEP) exceed 0.2

under both climate change scenarios (Fig. 3). Lodgepole
pine declined over time under both climate change sce-
narios, more so under the future fire regime than under
the suppressed fire regimes. For example, under the A2
climate change scenario, lodgepole pine declined be-
tween year 2000 and 2090 by 60% under the future fire
regime, but by only 18% under the suppressed fire
regime.

Species persistence under unfavorable conditions and
expansion into newly favorable conditions

Persistence for three of the tree species (lodgepole pine,
Douglas-fir, subalpine fir) throughout the 90-year simu-
lation under either climate change scenario was afforded
almost entirely by sites that grew increasingly unfavor-
able for new establishment (Fig. 5). As a result, the me-
dian favorability of sites occupied by these three species
dropped substantially over the 90-year simulation

period, particularly for simulations under the A2 climate
scenario (Fig. 6). Under A2 climate, the mean favorabil-
ity (based on species establishment probabilities—SEPs)
for Douglas-fir was ~0.7 for the simulated contemporary
period, declined to ~0.5 by 2030 under all fire regime
scenarios, and was nearly zero by 2090. Lodgepole pine
started with a mean SEP value of slightly less than 0.5,
but quickly dropped to 0.1 or less for the remainder of
the model period. Subalpine fir declined less rapidly, but
reached a similar low mean favorability values by 2090.
Ponderosa pine was unique in that favorability of occu-
pied sites initially increased, but then declined substan-
tially by year 2090 to ~0.1 across all fire scenarios. In
only a few cases did fire appreciably affect trends in
favorability values, including Douglas-fir, for which the
favorability of occupied sites under the future fire regime
was higher than other fire scenarios at 2060, and sub-
alpine fir, for which the favorability ranges (but not
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means) of occupied sites noticeably varied among fire re-
gimes for both 2030 and 2060. However, these trends
were due to fire-induced mortality that reduced the
occupancy rate of less favorable sites and not due to ex-
pansion of these species into newly favorable sites.
Indeed, even ponderosa pine, the only species which
gained favorable area (operationally defined as area
where climate alone predicts an establishment probabil-
ity >0.20) over the entire model period, was only able to
occupy 2% or less of that newly favorable habitat over
time (Fig. 5).

Discussion

While bioclimatic niche or species distribution modeling
is useful for the practical task of identifying potential
species range shifts relative to current species climate
niches, such models do not typically estimate a direct
demographic response to climate change or reflect the
influence of dispersal limitations, interspecific competition,
or disturbance (Franklin 2013). Yet, such biological and dis-
turbance processes are expected to interact and serve as
key drivers of rapid ecological change in plant communi-
ties under future climate change (Allen et al. 2010).
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Only a few studies using climate niche modeling ap-
proaches have attempted to integrate the role of dis-
turbance, dispersal, or competition (Tucker et al.
2012; Crimmins et al. 2014, Maguire et al. 2015), in
part due to complexities involved in integrating com-
plex processes into non-process-based models. These
additional dynamics have been more commonly simu-
lated under climate change using FLSMs (e.g., Yang
et al. 2015) and dynamic global vegetation models
(e.g., Conlisk et al. 2012). However, the complexity of
such models can obscure fundamental species-climate
relationships that determine future climate niche dis-
tributions and may be relevant to formulating future
conservation actions (e.g., assisted migration). An in-
tegrated approach allows utilization of the benefits of
both types of models (e.g., Swab et al. 2012, Halofsky
et al. 2014) and an opportunity to directly enhance
climate niche projections via additional species re-
sponse and disturbance dynamics.

Geographic shifts in niche-space in response to climate
change

Based on our climate niche modeling results, many
montane and subalpine conifer species in the central
Rocky Mountains may experience range contraction
under climate change, as climatically favorable sites
available for Douglas-fir, lodgepole pine, and subalpine
fir are projected to contract dramatically in our study
area landscape, almost to the point of regional extirpa-
tion under the A2 climate scenario (Fig. 3). Subalpine fir
and Douglas-fir may be at risk because both require
relatively moist soil conditions during the growing sea-
son, especially at middle and lower elevations, and hot-
ter and drier temperatures can result in soil moisture
stress (Ettl and Peterson 1995, Case and Peterson 2005,
Schrag et al. 2008). Although moderately drought toler-
ant, lodgepole pine is associated with climates of rela-
tively cold nighttime and spring temperatures, and its
frost-tolerant seedlings may provide competitive advan-
tage over other conifers (e.g., Douglas-fir) in these areas
(Lotan and Critchfield 1990, Coops et al. 2005).

In contrast, the climate niche for ponderosa pine, a
mid- to lower montane tree species, is projected to ex-
pand under both the Bl and A2 climate scenarios based
on our climate niche models. Ponderosa pine prospers
under moderately warm climates with adequate winter
and early growing season precipitation (Oliver 1990), es-
pecially for Pinus ponderosa var. ponderosa (Shinneman
et al. 2016), which is the variety present in our study
area landscape. Thus, ponderosa pine may have the
greatest potential for expansion of its current climate
niche, including an upward elevation shift, especially in
response to the generally wetter winters predicted by
both emission scenarios (data not shown).
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Our NPMR projections for these four conifer species
under climate change are similar to other modeled dis-
tributions of Rocky Mountain tree species under future
climates. For instance, Bell et al. (2014b) developed spe-
cies distribution models that predicted high-suitability
habitat for Engelmann spruce, subalpine fir, and lodge-
pole pine would nearly disappear by 2070-2099 under
the A2 climate scenario, while habitat for ponderosa
pine was projected to increase in the central Rocky
Mountains. Similarly, Rehfeldt et al. (2014) used a ran-
dom forest classification model to project ponderosa
pine and Douglas-fir climate niche space through 2060
under the RCP60 (medium-high) emissions scenario,
and predicted a net gain for ponderosa pine in the cen-
tral Rocky Mountains (particularly in the central Idaho
region), while projecting a loss of Douglas-fir habitat at
lower elevations.

Potential for fire to mediate species redistribution

Importantly, our FLSM simulations suggest the distribu-
tion of these species under future climates do not keep
pace with changes in the distribution of sites climatically
favorable for their establishment, due primarily to the
persistence of remnant populations in increasingly un-
favorable habitat, the inability of species to migrate
quickly to newly favorable habitat (Fig. 5), and spatially
specific effects of fire, which appear just as important in
controlling species abundance as climate change effects
on establishment (Fig. 4). Our simulations reinforce con-
cerns that plant species migration may not keep pace
with changing climate, in large part due to limited dis-
persal distances (Zhu et al. 2012, Corlett and Westcott
2013), and they reveal just how important persistence in
unfavorable sites may be in temporarily maintaining spe-
cies occupancy under future climate change. For in-
stance, even under the more dramatic drying and
warming climate of the A2 climate scenario and a con-
tinuation of the historical fire regime, Douglas-fir and
subalpine fir occupied almost no newly favorable sites
(which were few or temporary) but were projected to oc-
cupy roughly 87 and 78% of their former habitat at
model year 2060 as trees in unburned habitat persisted
until reaching maximum age in increasingly unfavorable
climates. Temporary persistence is, however, not assured
for all species. Lodgepole pine, a shorter-lived species,
declined immediately and dramatically under the A2 cli-
mate change scenario in our model under both historical
and future fire regimes (Figs. 4 and 5), due to senescence
of older stands, fire mortality, and inhospitable condi-
tions for regeneration. Moreover, climate-induced dis-
turbance events (e.g., drought dieback) that were not
modeled would also reduce residency time for tree pop-
ulations located in increasingly unfavorable sites.
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It is not surprising that increasing the frequency of
stand-replacing wildfire might reduce the persistence of
trees occupying sites no longer favorable for their estab-
lishment. For instance, stand-replacing wildfires in
Oregon forests along an elevation gradient resulted in
unsuccessful regeneration of ponderosa pine at lower
elevation ranges, because soil moisture was insufficient
for spring growth of the seedling taproot (Dodson and
Root 2013). On the other hand, by removing existing
vegetation, disturbance events such as wildfire could also
provide opportunities for tree species to exploit new cli-
matically favorable space, as has been demonstrated via
aspen seedling establishment after logging activity in up-
slope locations (Landhéusser et al. 2010). However, that
did not happen for the two highly fire-adapted conifer
species tracked in our simulations, primarily due to dis-
persal limitations relative to the limited availability of cli-
matically favorable, post-fire environments over the
short time period modeled. Lodgepole pine was hindered
by both short-distance seed dispersal (100 m maximum)
and increasingly unfavorable climate. The maximum dis-
persal distance (220 m) for ponderosa pine, a species
that gained higher elevation habitat under climate
change (Fig. 3), was also apparently inadequate over the
90-year model period to reach recently burned areas in
newly favorable upslope sites.

The lack of conifer establishment under climate
change at higher elevations may have also been hindered
by competition with mountain shrubs or other tree spe-
cies that shade out arriving seeds of conifers. Several
mountain shrub species and aspen are capable of quick
recovery after fire, due to long-distance seed dispersal or
resprouting capacity (Baker 2009). Indeed, field research
has shown that even on sites where ponderosa pine was
historically dominant, severe fire may lead to prolonged
dominance of shrubland communities (Savage and Mast
2005), and reestablishment of ponderosa pine may re-
quire several years to more than a century (Kaufmann et
al. 2003, Roccaforte et al. 2012). It is unlikely that our
modeled species parameters (Table 2) unrealistically pre-
vented successful dispersal and colonization of newly
available sites under climate change, because identical
competition and dispersal parameters did not hinder
conifer species prominence during the 600-year
initialization period (Additional files 2 and 4: Appendi-
ces 2 and 4).

Model assumptions and limits to interpretation

Despite pairing climate niche and FLSM modeling ap-
proaches in order to overcome potential weaknesses of
either model alone, there are several potential limitations
to consider. Foremost, although our goal was to focus
on examining potential regional tree population re-
sponses (vulnerabilities and opportunities for migration)
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to alternative fire regime and future climate scenarios,
our model output was not intended to be prognostic.
Rather, our model served as a preliminary investigation
into the potential role of these dynamics in shaping fu-
ture forest redistribution. To accomplish this goal, we
limited and simplified the many complex ecological pro-
cesses and their interactions that will ultimately deter-
mine future forest composition and distribution. For
instance, our model relied on simple age-based competi-
tion for light resources, rather than more complex
growth-based competition for multiple resources (e.g.,
de Bruijn et al. 2014), and the direct effects of climate
on mortality (e.g., drought) were not considered. More-
over, we did not create definitive climate niche models
based on range-wide data for each species, and our
modeled predictions should be considered within this
limited regional context. Similarly, we could not antici-
pate species’ affinities to novel climate space (Neilson et
al. 2005; Rehfeldt et al. 2012), nor did we consider that
current plant distributions may be a legacy of former,
undescribed climate relationships (Valclavik and Meen-
temeyer 2012; Garcia-Valdes et al. 2013). Indeed, al-
though dominance, productivity, and recruitment of
Rocky Mountain conifers remain highest where occur-
rence is highest, marginal discrepancies between the cli-
matic spaces occupied by seedlings and their conspecific
adults might suggest that climate-induced range con-
traction is already underway for montane conifers in the
Rocky Mountains (Bell et al. 2014a).

Successful tree establishment after wildfire depends on
factors such as distance to seed source, post-fire growing
conditions influenced by fire severity (e.g., soil impacts,
live tree retention), other disturbance agents (e.g.
drought and insects), and interspecific competition
(Turner et al. 1997, Donato et al. 2009, Dodson and
Root 2013, Savage et al. 2013, Hansen et al. 2016; Har-
vey et al. 2016). However, in our simulations, post-fire
establishment of the four conifer species in climatically
favorable locations was limited primarily by distance to
reproductively mature seed source and competition with
other vegetation. Moreover, dispersal dynamics and in-
terspecific competition under climate change are likely
to include complex species responses that will need to
be better represented in subsequent modeling efforts
(Travis et al. 2013). For instance, our study does not
consider individual years that may be exceptionally
favorable for establishment along the critically important
leading edges of geographically shifting climate. Also,
dispersal and successful establishment of species, such
as ponderosa pine, may occasionally exceed maximum
dispersal distances modeled here (e.g., Haire and
McGarigal 2010), and incorporating rare, long-distance
dispersal events into future models may be important.
Although our model allowed for the establishment of
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trees in non-forested ecoregions under climate change, per-
haps unrealistically allowing forests to replace well-
established semi-arid shrub communities in some cases,
this rarely happened in our model, as most non-forested lo-
cations either remained inhospitable to tree establishment,
retained relatively high shrub establishment or, if tree estab-
lishment probabilities improved, they were generally in
non-forest ecoregions too remote for tree dispersal. For
example, in the most extreme case, only about 7% of the
original non-forest ecoregion area was converted to forest
by year 2090.

Other limitations also likely affected our future projec-
tions of tree species distribution in this research, includ-
ing both GCM selection and downscaling for regional
applications. Future precipitation patterns in particular
remain uncertain among alternative climate models
(Mote and Salathe 2010). In addition, averaging annual
climate parameters over 10-year time steps excludes
realistic temporal climate variability, including intermit-
tent climate extremes that significantly affect plant dem-
ography (e.g., Allen et al. 2010). Also, although our
simulated fire regimes bracketed a wide range of fire ro-
tations, future fire regimes may be more extreme than
modeled here (e.g., Barbero et al. 2015). Similarly, our
simulations did not consider other disturbance agents
(e.g., insects) or stress-related tree mortality (e.g., from
drought) that are likely to be enhanced by climate
change (Allen et al. 2010, Gustafson and Shinneman
2015), and thus likely to effect the persistence of trees in
unfavorable sites.

Finally, we acknowledge that model inputs, assump-
tions, and scenarios can greatly affect simulated projec-
tions of forest species distributions under future climates.
For instance, Yang et al. (2015) used LANDIS-II to project
change in forest cover in a mountain range in northern
Nevada and, although their findings regarding climate-fire
influence on montane vegetation were generally similar to
this study, they did not predict subalpine fir would decline
as rapidly. Such differences could be due to regional cli-
mate and vegetation differences but were also likely due to
use of different global climate models, slightly different
species parameters, unique fire regime scenarios, and al-
ternative methods for calculating species establishment
probabilities. These differences underscore the need for
future forest modeling research that emphasizes multi-
model comparisons and multi-variable sensitivity tests,
and suggests caution is warranted in relying on model
projections beyond suggesting possible futures, and as a
means to explore key relationships between species, chan-
ging climate, and disturbance regimes.

Conclusions
Migration lag is a serious potential limitation for tree
species under both ongoing and expected future climate
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change (Zhu et al. 2012, Corlett and Westcott 2013;
Travis et al. 2013). Yet, the redistribution of plant com-
munities in response to future climate change is difficult
to predict, not only because of uncertain physiological
response of species to coarsely defined alternative cli-
mate projections, but also due to uncertain demographic
response to altered processes, especially disturbance.
Our model results support a growing appreciation that
near-future climate change, even under modest increases
in greenhouse gas emissions, will likely result in a sub-
stantial upslope shifts of the climate space required by
current populations of tree species. For low- to mid-
elevation species, such as ponderosa pine, such change
represents a potential expansion opportunity, while fa-
vorable habitat for higher elevation species will likely
dwindle. The degree to which wildfire or other disturb-
ance will break the inertia afforded by long tree life
spans in increasingly unfavorable climate remains an im-
portant research question. Our 90-year simulations sug-
gest that increased rates of stand-replacing fire might
not substantially accelerate upslope immigration of trees
into newly favorable-locations, largely due to seed dis-
persal limitation and possible competition from shrubs
already present and suited to altered climate. Rather, our
results suggest that fire is far more likely to eliminate
tree species populations along the trailing edge of their
distribution under increasingly unfavorable climate, al-
though some long-lived species (Douglas-fir) might per-
sist longer in these locations with less frequent fire.
Future research combining empirical observation,
process simulation, and manipulative experimentation is
needed to further determine the relative influence
among dispersal, establishment, and competition dynam-
ics in post-fire environments under continuing climate
change.

Additional files

Additional file 1: Appendix 1. Three contemporary climate variables
and a single vegetation cover variable used to define 176 unique and
discrete ecoregions across the study area. In LANDIS, ecoregions serve as
the map units for which species establishment, growth, and survival are
specified. Each climate variable was divided into six quantiles, including
(A) number of degree-days <0 °C ranging from 14 to 155 (light blue to
pink respectively) to capture the influence of winter temperature and
duration; (B) log of mean annual precipitation ranging from 2.37 to 2.98
(224-1047 mm, untransformed; red to green respectively) to capture the
influence of overall precipitation; and (C) a summer dryness index

(red highest, green lowest) to capture the influence of growing season
drought stress. Vegetation cover (D) was binned into either forested
(green) or non-forested (beige) to account for fine-scale topographic
influences on microclimate. Of the 432 possible bin combinations, only
176 actually occurred. Black areas in maps denote non-vegetated areas
(e.g. rock, ice, and water) and developed areas (e.g. urban, row crops)
and were ignored in the model. Vegetation cover types were based on
US100evt current vegetation map (30-m raster resolution) available from

LANDFIRE (http://www.landfire.gov/); climate data were obtained from



dx.doi.org/10.1186/s13717-017-0073-9

Campbell and Shinneman Ecological Processes (2017) 6:7

the USDA Forest Service (http://charcoal.cnre.vtedu/climate/details.php).
(DOCX 700 kb)

Additional file 2: Appendix 2. We included the two shrub community
types in LANDIS-II in order to provide a non-forest component that could
co-occur with forest species and potentially dominate in their absence
(e, temporarily after wildfire, and permanently if forest species are not
supported by climate conditions).(DOCX 1055 kb)

Additional file 3: Appendix 3. Maps demonstrating (A) fire regions
and (B) an example of fires simulated by LANDIS-Il during a single 10-
year time step. Fire regions were delineated using a length of frost-free
season (a proxy for fire-season length), growing season precipitation (a proxy
for fuel-moisture availability), mean temperature of warmest month (a proxy
for fire-season temperatures), and current forest cover (to capture fine-scale
topographic influences on fire behavior not resolved in the other climate
variables). Vegetation cover types were based on US100evt current vegetation
map available from LANDFIRE (http//www.landfiregov/); climate data were
obtained from the USDA Forest Service (httpr//charcoal.cnrevtedu/climate/
details.php). (DOCX 313 kb)

Additional file 4: Appendix 4. The vegetation community map used
to initiate the LANDIS-II forest landscape simulation model was created
to represent current vegetation distribution across our study area, and
contains information on the presence or absence (within each 100 m x
100 m grid cell) of nine tree species and two shrub functional types
(Table 2) by 10-year cohorts. (DOCX 300 kb)
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