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Abstract

Understanding the factors influencing species range limits is increasingly

crucial in anticipating migrations due to human-caused climate change. In the

boreal biome, ongoing climate change and the associated increases in the rate,

size, and severity of disturbances may alter the distributions of boreal tree spe-

cies. Notably, Interior Alaska lacks native pine, a biogeographical anomaly

that carries implications for ecosystem structure and function. The current

range of lodgepole pine (Pinus contorta var. latifolia) in the adjacent Yukon

Territory may expand into Interior Alaska, particularly with human assistance.

Evaluating the potential for pine expansion in Alaska requires testing con-

straints on range limits such as dispersal limitations, environmental tolerance

limits, and positive or negative biotic interactions. In this study, we used field

experiments with pine seeds and transplanted seedlings, complemented by

model simulations, to assess the abiotic and biotic factors influencing

lodgepole pine seedling establishment and growth after fire in Interior Alaska.

We found that pine could successfully recruit, survive, grow, and reproduce

across our broadly distributed network of experimental sites. Our results show

that both mammalian herbivory and competition from native tree species are

unlikely to constrain pine growth and that environmental conditions com-

monly found in Interior Alaska fall well within the tolerance limits for pine.
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If dispersal constraints are released, lodgepole pine could have a geographically

expansive range in Alaska, and once established, its growth is sufficient to support

pine-dominated stands. Given the impacts of lodgepole pine on ecosystem pro-

cesses such as increases in timber production, carbon sequestration, landscape

flammability, and reduced forage quality, natural or human-assisted migration of

this species is likely to substantially alter responses of Alaskan forest ecosystems

to climate change.
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INTRODUCTION

Understanding the controls over species range limits is
becoming increasingly important as we anticipate migra-
tions in response to human-caused climate change.
Ecological niche theory predicts that species distributions
partially reflect environmental tolerance limits, and there
is ample evidence that historical and contemporary distri-
butions shift with climate (Chen et al., 2011; MacDonald
et al., 2008). However, other factors such as dispersal lim-
itation, life history traits, and biotic interactions often
prevent species from occupying all climatically suitable
habitats, which leads to migration lags and smaller distri-
butions than determined by environmental requirements
(Leibold, 1995). As we seek ways to adapt to and mitigate
the effects of human-caused environmental change on
ecosystems, it becomes important to understand: (1) the
potential for species to occupy and thrive in new loca-
tions beyond their current range, (2) the historical
legacies of migration lags and implications for current
and future migration potential, and (3) the impacts of
changing range distributions on extant communities and
ecosystems.

The high-latitude boreal biome experiences climate
warming at a faster rate than lower latitudes (Brandt
et al., 2013; Rantanen et al., 2022). These changing envi-
ronmental conditions and the associated increases in the
rate, size and severity of disturbances may shift boreal
tree species distributions (Boulanger et al., 2018; Foster
et al., 2019; Stralberg et al., 2020). Boreal forests play a
central role in the global carbon (C) cycle, accounting for
~50% of the world’s forest C stocks, mostly in their soils
(DeLuca & Boisvenue, 2012; Malhi et al., 1999). These
forests also provide important ecosystem services, such as
primary productivity, water cycling, nutrient cycling, as
well as natural and cultural resources (Brandt et al., 2013).
Understanding the impacts of climate change on boreal
forest structure and function is complicated by the fact
that many tree species only occupy a subset of their

environmentally suitable range because they are
long-lived sessile organisms with relatively short dis-
persal distances (Seliger et al., 2021; Svenning & Skov,
2007). Furthermore, compositional responses to ongoing
climate change and the intensification of disturbances
will depend on biogeographic patterns in the pool of
regionally available species.

Holocene records show considerable variability in
patterns of post-glaciation tree migration into what is
now the boreal region of North America (Lloyd
et al., 2006). Boreal pines (Pinus spp.) migrated more
slowly than boreal spruces (Picea spp.) and currently
have northern range limits that are to the south of spruce
range limits (Critchfield, 1985; Payette et al., 2022).
Although shore pine (Pinus contorta var. contorta) has
been present in southeast Alaska for more than
10,000 years (Ager, 2019), its distribution is limited to
coastal environments, and there is no native pine present
in the boreal forest of Interior Alaska. Boreal pines such
as lodgepole (Pinus contorta var. latifolia) and jack pine
(Pinus banksiana), which thrive in the Canadian boreal
forest, are fire-dependent species, with serotinous cones
that ensure ample seed to support stand-replacement fol-
lowing fires (Schwilk & Ackerly, 2001). The requirement
of fire for seed dispersal likely contributed to a northern
migration lag of lodgepole pine and jack pine in compari-
son to semiserotinous black spruce (Picea mariana) and
nonserotinous white spruce (Picea glauca) during the
Holocene (MacDonald & Cwynar, 1986; Payette
et al., 2022).

The closest source populations of boreal pines to Inte-
rior Alaska are represented by lodgepole pine in south-
central Yukon Territory, Canada. The northward migra-
tion of lodgepole pine began ~12,000 years BP, near the
southern border of Canada (MacDonald & Cwynar,
1986). Lodgepole pine may have reached locations in the
southern Yukon Territory as early as the mid-Holocene
but remained at low landscape abundances for millennia
(Edwards et al., 2015; Strong & Hills, 2013). Landscape
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spread was likely limited by complex topography that cre-
ated a patchy habitat mosaic (MacDonald & Cwynar,
1986; Strong & Hills, 2013), as well as Allee effects associ-
ated with small founder populations (Edwards
et al., 2015). Recent palynological records and current
population dynamics suggest ongoing, contemporary
spread of lodgepole pine near its Yukon range limits, par-
ticularly in association with fire activity (Edwards
et al., 2015; Johnstone & Chapin, 2003; MacDonald &
Cwynar, 1986). Lodgepole pine from NW Canada also
performs well in forestry trials in Interior Alaska
(Alden, 2006). The absence of pine in boreal Alaska may
represent an idiosyncrasy of biogeography, with conse-
quences for forest structure and ecosystem processes
important to society, such as timber production, C
sequestration, and landscape flammability.

Evaluating the potential for widespread expansion of
pine in Alaska requires testing hypothesized constraints
on range limits such as dispersal limitations, environ-
mental tolerance limits, biotic interactions, and historical
contingencies or priority effects of which species arrive
first (Vannette & Fukami, 2014). In other boreal regions,
pines can form mixed stands with fast-growing broadleaf
species such as aspen (Populus tremuloides) as well
as more conservative species such as black spruce.
Reconstructed dynamics from the Holocene suggest
that once pine arrives, local population expansion may
be delayed by unfavorable environmental conditions,
disturbance regimes, or priority effects of extant vege-
tation (Edwards et al., 2015; Payette & Frégeau, 2019).
Disentangling the importance of dispersal, environ-
mental constraints, and biotic interactions in setting
range limits is important in a modern context as we
seek to predict future species distributions and their
effects on ecosystem function under a changing
climate.

Here we use field experiments with pine seeds and
transplanted seedlings extended with model simulations
to determine the abiotic and biotic controls over
lodgepole pine seedling establishment and growth
beyond their current range in Interior Alaska. These
experiments were conducted across a range of environ-
mental conditions and in combination with a suite of
native tree species likely to represent potential competi-
tors for forest dominance. We followed the fate of experi-
mentally seeded and planted pines over multiple years so
that we could assess how climate and soil conditions
impact the establishment, growth, and survival of pines
during the critical period of post-fire community assem-
bly (Johnstone et al., 2020). We further used simulation
modeling to explore the effects of adding pine for long-
term patterns of stand dominance, biomass accumula-
tion, and C stocks in Alaska. Our results provide an

empirical test of hypothesized constraints on the range
expansion of pine in Interior Alaska.

METHODS

Study sites

Extreme fire activity in 2004 produced three large burned
areas (total area burned >27,000 km2) that intersected
the road network in Interior Alaska along a broad N–S
gradient from the Brooks Range in the north to the
Alaska Range in the south. We identified study sites
within each of these road-accessible burned areas: the
Dalton Complex (DC) along the Dalton Highway north
of Livengood, the Boundary Fire (BF) along the Steese
Highway east of Fairbanks, and the Taylor Complex
(TC) along the Taylor Highway northeast of Tok, Alaska
(Johnstone et al., 2010). These roads have infrequent traf-
fic, narrow rights-of-way, and minimal human impact
over the last century. We identified 39 intensive study
sites (12–13 sites in each burn complex) from a larger
sample of 90 sites (Johnstone et al., 2010) for detailed
studies of post-fire revegetation (Bernhardt et al., 2011;
Brown et al., 2015; Hollingsworth et al., 2013). Sites cap-
tured variations in fire severity (biomass fuel consump-
tion) and gradients in site moisture and elevation within
each burned area. All sites were dominated by black
spruce when they burned, with >95% canopy mortality
caused by fire.

Field methods

Each site was represented by a 30 × 30 m sample area,
marked with corner stakes to delimit a plot with sides
aligned to E–W and N–S compass orientations. We laid
out two parallel 30-m transects, spaced 15 m apart,
within the site boundaries. Blocks of seedling transplants
were designated every 5 m along the transects (n = 14
blocks). Additional blocks for seeding (n = 5) were
assigned randomly to an interval between the transplant
blocks. Environmental measurements (see below) at a
site were taken at the site center or along transects paral-
lel to the experimental blocks but offset by at least 5 m.

For the seeding experiment, each block contained a
set of six 50 × 50 cm seeding plots randomly assigned to
seed application of one of five boreal tree species:
lodgepole pine, and four species native to the study area:
black spruce, white spruce, Alaska paper birch (Betula
neoalaskana), and trembling aspen. Seedling blocks also
included a control plot, in which no seeds were sown.
Results for the seeding experiments with native tree
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species are presented elsewhere (Brown et al., 2015); here
we focus specifically on the seeding trials with lodgepole
pine. Seeds of pine originated from native pine
populations near its range limit west of Whitehorse,
Yukon, Canada. Seeds were weighed to obtain approxi-
mately 75 viable seeds (mean germination rate in the lab-
oratory of 66%). This sowing rate was selected to provide
a reasonable likelihood of obtaining germinants in the
majority of plots based on past experiments (Johnstone &
Chapin, 2006). Seeds were scattered across the surface of
a 50 × 50 cm seeding subplot in late August 2005, on
burned soil surfaces that ranged from exposed mineral
soil to ~20 cm of residual organic soil. Initial germination
of pine seeds occurred during the summer of 2006. Live
seedlings were counted in late July of 2006, 2007, 2008,
and 2011. All seedlings were removed after counting in
2011, as variable densities and crowding in small plots
limited the further utility of monitoring the seeding
trials.

Tree seedlings were transplanted into experimental
blocks (n = 14 seedlings per site) to provide an assess-
ment of potential seedling growth that was independent
of seed germination success. We grew seedlings of the
five species used in the seed treatments in sterile potting

media in a greenhouse for 3 months prior to planting in
the field. Seedlings were transplanted to the intensive
sites in mid-June 2005. The rapid growth under green-
house conditions meant that individuals were equivalent
in size to approximately a 3-year-old naturally established
seedling, with basal diameters and heights of 0.8–2.5 mm
and 5–10 cm for pine and spruce, and 1.5–4.5 mm and
15–40 cm for aspen and birch. One seedling of pine
and the four native species were planted into 14 blocks,
with a distance of 15 cm between the seedlings
(Figure 1). Because we had only limited quantities of
deciduous seeds, only 10 individuals of aspen were
planted at each site, and transplanting of paper birch was
limited to 10 individuals at intensive sites in the
BF. Given the low sample size and unequal distribution
of birch, this species was excluded from the analyses
conducted in this paper.

Odd-numbered blocks (n = 7) within each site were
assigned to protective exclosures designed to prevent
mammal herbivory on seedlings during initial seedling
establishment. The exclosures encircled the seedlings and
were constructed from wire mesh fencing (with 2–3 cm
diameter openings) with a diameter of ~60 cm, height of
100 cm, and a closed top. The exclosures were installed

F I GURE 1 Seedling transplants through time. The upper set of images shows individual blocks of transplants (lodgepole pine, black

spruce, trembling aspen, and white spruce) pictured in (A) 2006 (1 year after transplanting), (B) 2008, (C) 2011 (the year of the main harvest,

at 6 years of growth), and (D) 2015, when all remaining pines were harvested and cone production was measured. Lower images show some

of the variation in lodgepole pine sizes at the time of the 2011 and 2015 harvests, for (E) small stature and (F) large stature pine seedlings.

Photograph credits: Jill Johnstone.
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around the seedlings after planting in 2005 and removed
in 2008, when some tree seedlings were beginning to
exceed the height of the exclosure.

Transplanted seedlings were measured for apical
growth and survival in 2006–2008. In 2011, we
harvested half of the transplanted seedlings (blocks 1–
7) for aboveground biomass after taking field measure-
ments of seedling basal diameter and stem height in all
blocks. Stems of seedlings were cut at ground level and
transported in bags to the laboratory, where the live
biomass of each individual was dried at 60�C and
weighed to obtain total aboveground biomass (g/indi-
vidual). Allometric relationships between biomass and
stem diameter and height were derived from harvested
seedlings (Johnstone et al., 2020) and applied to
nonharvested seedlings of the same age to provide bio-
mass estimates for all transplanted seedlings in 2011.
We used paired plantings of pine, black spruce, white
spruce, and aspen (blocks 1–10 at each site) to assess
pine relative dominance, or its position in the seedling
competitive hierarchy, in each block. Pine relative dom-
inance was estimated as the ratio of pine biomass to the
summed total biomass of all four seedlings in a block,
using measured or predicted aboveground biomass in
2011. Pine transplants that remained after 2011 were
harvested in 2015, by which time several transplants
were reaching reproductive maturity. We counted the
total number of male and female cones present on pine
transplants in 2015.

Environmental conditions at each site were characterized
by field measurements collected in 2005–2006 (Boby
et al., 2010; Johnstone et al., 2010). Elevation and GPS coor-
dinates at the plot center point were recorded with a hand-
held GPS. At each site, we dug a soil pit to >50 cm to
characterize mineral soil conditions. Samples of mineral soil
from the upper 15 cm were collected for laboratory analyses
of soil texture and pH. We characterized site moisture using
ordinal classes estimated on a six-point scale, ranging from
xeric to subhygric, based on a combination of topography-
controlled drainage conditions, soil texture, and near-surface
permafrost at each site (Johnstone et al., 2008). Site moisture
classes were correlated with direct estimates of % soil mois-
ture but showed stronger associations with seedling
responses (Johnstone et al., 2020). The depth of post-fire,
residual soil organic layers (SOL) was measured at 11 ran-
domly selected points on the transect to characterize the site
average post-fire SOL (Boby et al., 2010). We were unable to
collect detailed climate data across the network of 39 sites,
and instead estimated mean summer temperature (June,
July, August) at each site using the gridded daily temperature
for the period 1980–2021 from Daymet V. 4, an interpolated
product with a spatial resolution of 1 km (Thornton
et al., 2021).

At each site we also tracked natural patterns of
post-disturbance recovery over the initial two decades
after fire (Johnstone et al., 2010, 2020). Monitoring pat-
terns of natural seedling recruitment and growth has
allowed us to characterize sites into trajectories leading
to spruce dominance, mixtures of spruce and deciduous
trees, or deciduous canopy dominance (Johnstone
et al., 2020; Mack et al., 2021). We classified sites into
post-fire tree species dominance classes based on a decid-
uous fraction index (DI) calculated from the survey data
(DI = relative density plus relative biomass of deciduous
tree seedlings divided by two and multiplied by 100).
When DI was ≤33.33%, sites were classified as black
spruce (hereafter Spruce). Sites were classified as mixed
black spruce–deciduous (hereafter Mixed) if DI was
>33.33% and <66.66%, and as deciduous if DI was
≥66.66%. Sites were classified as open if there was less
than one tree stem of any species per square meter. Of
the 39 experimental sites, 8 were spruce, 16 were decidu-
ous, 9 were mixed, and 6 were open post-fire.

Field data analysis

We examined responses of pine seed germination, sur-
vival, and growth to variations in environmental gradi-
ents across sites. We were particularly interested in the
effects of post-fire seedbed quality, soil moisture and
chemistry, and topographic and latitudinal gradients in
climate conditions. The nature of our experimental
design, with its focus on experimental planting across
natural variations in post-fire conditions, meant that
environmental gradients were not independent of each
other. We relied on a priori biological understanding to
identify a potential suite of environmental covariates,
which we further reduced to a subset of variables with
minimal collinearity. In particular, we expected that soil
conditions related to moisture, nutrient availability, and
microclimate would be important for seedling emergence
and growth, along with the broader effects of topography
and latitude on climate severity.

The final environmental covariates tested in our
models were: (1) residual SOL depth, because of its direct
relationship with seedling germination and initial sur-
vival, mediated through controls over soil temperature
and availability of moisture and nutrients (Greene
et al., 2007; Johnstone & Chapin, 2006); (2) site mois-
ture class, as gradients in soil drainage and moisture
availability structure plant communities and natural
seedling recruitment in the study area (Johnstone
et al., 2010); (3) soil pH, as an indicator of soil chemistry
variations that affect nutrient availability and plant com-
munities (Hollingsworth et al., 2006); and (4) summer
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(June to August) mean temperature, which represents
variations in climate severity occurring with elevation
and latitude across our study sites. Summer temperature
was selected over annual temperature because it captures
growing season conditions and winter temperature is
known to have complicated interactions with topo-
graphic inversions (Noad et al., 2023). We also recognize
that there are linkages between site moisture class and
SOL depth, but each provides some unique information
due to variations in fire history, severity, and permafrost
(Johnstone et al., 2020). Although we considered that
environmental covariates may interact in their effects on
seedling recruitment, our experimental design and the
coarse nature of covariates estimated at the site level
meant that modeled interactions were poorly constrained.
Consequently, model fit focused solely on the main effects
of environmental covariates.

Experimental response variables were modeled using
a generalized linear mixed effect modeling approach
(GLMM) using the R package lme4 (Bates et al., 2015)
with a random intercept term of site identity to account
for the hierarchical structure of our experimental design.
All analyses were conducted in the statistical software
program R version 4.2 (R Core Team, 2022). For all
GLMM that follow, we assessed the significance of fixed
effects using the default approach in lme4, Wald-Z tests.
We verified that statistical assumptions of normality of
residuals, normality of random effects, homogeneity
of variance, and multicollinearity were not violated using
the DHARMa package (Hartig, 2020). We centered and
scaled all environmental predictor variables. Model
results were plotted using the effects and ggplot2 packages
(Fox, 2003; Wickham, 2016).

We assessed the influence of environmental condi-
tions (soil pH, SOL depth, moisture class, and summer
temperature) on (1) the probability of observing seedling
emergence (0 = failure, 1 = success), (2) the number of
seedlings (>0) with successful emergence, and (3) the
proportion of seedlings that survived to 2011. We cons-
tructed separate models for each because we expected
that they would be influenced by different environmental
drivers (Seidl & Turner, 2022). We modeled the presence
of germination within a seeded plot using a GLMM with
a binomial error distribution and logit link function.
Given the presence of germination, we then modeled the
number of seedlings using a GLMM with a negative bino-
mial error distribution (to account for overdispersion).
We modeled the probability of seedling survival using a
GLMM with a binomial error distribution and logit link
function.

We modeled the impact of environmental conditions
(soil pH, SOL depth, moisture class, and summer temper-
ature) and herbivore exclosures on lodgepole pine

transplants: (1) survival, (2) biomass, and (3) relative
dominance in 2011. For the survival model, we also
included a fixed effect of biomass in 2008 because we
expected that survival would be contingent on seedling
size. Survival was modeled using a GLMM with a bino-
mial error distribution and logit link function. To model
biomass, we used a GLMM with a Gamma error distribu-
tion and log link function. We modeled pine relative
dominance within a block using a GLMM with a bino-
mial error distribution and logit link function.

We tested if transplanted pine biomass or survival
varied with post-fire successional trajectories of spruce,
deciduous, mixed, or open. For the biomass model, we
used a GLMM with a Gamma error distribution and log
link function. For the pine relative dominance within a
block model, we used a GLMM with a binomial error dis-
tribution and logit link function.

We tested the relationship between the reproductive
maturity of transplanted seedlings and seedling size using
data collected on lodgepole pine transplants in 2015. We
used the production of female cones as an indicator
of reproductive maturity. In contrast with male cones,
female cones typically persist on lodgepole pine stems for
multiple years and can therefore represent the onset of
reproductive maturity during and prior to the year
of measurement. The probability of a pine transplant
reaching reproductive maturity by 2015 was modeled in
relation to log10 transformed biomass using a GLMM
with a binomial error distribution and logit link function.

Simulation modeling

We used simulations with the model iLand to estimate
centennial growth trajectories of lodgepole pine in Inte-
rior Alaska and to estimate the impacts of pine presence
on mean tree biomass and stand-level C stocks, given
potential competitive interactions with native tree spe-
cies. iLand is an individual-based forest process model
that simulates the growth and mortality of trees in spa-
tially explicit stands and landscapes based on canopy
light interception, climate, and nutrients (Seidl, Rammer,
et al., 2012; Seidl, Spies, et al., 2012). Individual trees
determine light availability at a 2-m spatial resolution
within stands. Climate and soil characteristics (% sand,
silt, clay, effective depth, and nutrient availability) are
considered to be homogenous at the stand scale (1-ha).
iLand is forced with daily temperature, precipitation,
shortwave radiation, and vapor pressure deficit. iLand
also includes a permafrost and surface SOL module that
mechanistically simulates daily changes in active layer
depth, annual SOL accumulation and decomposition,
and their complex ecological effects (Hansen et al., 2023).

6 of 19 WALKER ET AL.

 19395582, 2024, 5, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/eap.2983 by C

ary Institute O
f Ecosystem

 Studies, W
iley O

nline Library on [10/10/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



We ran the model in stand mode, independent forest
stands are simulated in parallel and neighboring stands
do not influence one another. The model simulates each
stand as if they are “wrapped” where trees on one side of
the stand influence trees on the other side, eliminating
edge effects. The model has been well tested in landscape
and stand modes and applied to forest stands containing
lodgepole pine in the western United States (Hansen
et al., 2018; Turner et al., 2022) and deciduous and spruce
stands in Alaska (Hansen et al., 2021, 2023).

We initialized iLand with data from 90 boreal forest
stands in Interior Alaska. This included the 39 stands
used in the lodgepole-pine experiment and 51 surveyed
stands that were also dominated by black spruce before
burning in 2004, but where lodgepole pine seedlings were
not experimentally planted (Johnstone et al., 2020). Seed-
ling densities of naturally recruiting tree species (black
spruce, trembling aspen, and Alaskan birch) were set
using field measurements, and we assumed these seed-
lings and lodgepole pine seedlings were 1 year old and
were between 1 and 4 cm tall at the start of the simula-
tions. We initialized lodgepole pine seedlings at densities
consistent with the experimental plantings. Lodgepole
pines were simulated using a parameter set from the
northern Rocky Mountains of the western United States
(Braziunas et al., 2018). While species traits can vary
across geographic ranges (Anderegg et al., 2018), our ini-
tial benchmarking to field data indicated the parameter
set was robust for application to Interior Alaska. Soil
information used to initialize iLand was extracted using
geographic coordinates of the 90 stands from the global
SoilGrids250m database versions 1.0 (for effective soil
depth) and 2.0 (for percent sand, silt, and clay) (Hengl
et al., 2017). Relative soil fertility, expressed as plant
available nitrogen, was set at 45 kg ha−1 year−1 (Hansen
et al., 2021). We used the same interpolated climate data
set used in the analysis of the field experiment (Daymet
V4) for daily climate data (Thornton et al., 2021).

Simulation experiment

We conducted simulations to extend the field experi-
ment for 89 years. This allowed us to quantify how large
lodgepole pine would have grown over a century and
how the experimental addition of lodgepole pine may
have altered the biomass of other tree species and stand-
level C stocks.

Stands were simulated with and without experimen-
tally planted lodgepole pine forced with 2005–2015 daily
climate randomly recycled with replacement (i.e., no cli-
mate change) for a century. To evaluate correspondence
with experimental results, we first compared simulated

lodgepole pine height and diameter at breast height (dbh)
from model year 11 (corresponding to 2015 in the
lodgepole pine transplant experiment) with observations
at the 39 experimental sites where lodgepole pine seed-
lings were transplanted. To quantify the centennial
effects of lodgepole pine, we then used outputs from
model year 100 with and without lodgepole pine, to cal-
culate the biomass of the naturally occurring tree species,
total aboveground live (stem, branch, foliage, regenera-
tion) C stocks, and belowground (SOL, downed wood,
coarse roots, fine roots) C stocks. Because parametric sta-
tistics are problematic when applied to simulated
datasets, where p-values can be artificially decreased with
increasing sample size, we emphasize ecological rather
than statistical differences when interpreting results.

RESULTS

Seeding experiment results

Lodgepole pine seeds successfully germinated in all burn
complexes, 85% of sites (n = 33), and 61% of the plots
(n = 119). When seeding plots did have seedlings germi-
nate, the average density was 36.3 seedlings per square
meter (standard error of mean, SEM = 4.24). Although
most seedlings emerged in the summer of 2006, detection
of small seedlings was sometimes delayed and our analy-
sis of total germinants used cumulative emergence up to
2008. Nevertheless, some seedlings that had clearly ger-
minated several seasons before were detected for the first
time in 2011 (five individuals at three blocks). This detec-
tion error was not large enough to alter our estimates of
the seedling to viable seed ratio. Ratios of emerged seed-
lings to viable seed ranged from 0 to 0.99 (mean = 0.073,
SEM = 0.01), slightly higher than seedling to viable seed
ratios of black spruce (0.052) from the same experiment.
Seedling: seed ratios for lodgepole pine were much above
those observed for white spruce (0.014), Alaskan birch
(0.015), and trembling aspen (0.0018) in adjacent plots
(Brown et al., 2015).

We tested whether environmental factors related to
climate and soil conditions affected the emergence
(i.e., field observations of germinated seeds) and the sur-
vival of lodgepole pine recruiting from seed. Sites with
warmer summer temperatures and greater moisture
availability generally supported greater initial seedling
germination. The probability of pine seedling emergence
(i.e., at least one seedling observed in a plot) increased
with relative site moisture and mean summer tempera-
ture (Figure 2), while soil pH and residual SOL had no
significant effects (Table 1). The count of germinated
seedlings, given successful germination in a plot, was

ECOLOGICAL APPLICATIONS 7 of 19
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weakly related to summer temperature, with warmer
plots having slightly higher seedling counts (Figure 3,
Table 1). Sites located in the TC were generally cooler
and did not support any of the high seedling counts
found at sites in the DC and BF burn areas. Soil factors
became more important in relation to the survival of ger-
minated seedlings, with survival to 2011 decreasing with
greater residual SOL depth (Figure 4). Survival was
unrelated to other environmental covariates (Table 1).
Overall variation in seedling survival was poorly captured
by both the fixed and random effects in our model,
suggesting that random events or factors unrelated to our
model structure govern early seedling survivorship. By
2011, 6 years after the seed sowing treatments, live
lodgepole pine seedlings were present in 47% of the seeded
plots (n = 91) distributed across 82% of sites (n = 32).

Transplant experiment results

Lodgepole pine seedlings that were transplanted in 2005
generally exhibited high survival but showed variable
growth among sites. Approximately 87% of transplanted
seedlings survived to 2008 (475 out of 546 transplants)
and 81% to 2011 (442 transplants). Transplant survival
from 2008 to 2011 was best predicted by biomass in 2008
(Table 1), indicating that large seedlings had a higher
probability of survival.

Measurements of pine biomass based on transplant
harvests and allometry in 2011 showed high variability in
growth, with biomass of transplants spanning three
orders of magnitude after six seasons of growth
(Figure 5). Model results indicated that transplanted pine
seedlings grew best under conditions of warm summer
temperatures, low soil pH, and shallow residual SOL
depths, with no strong effects of site moisture (Table 1).
The largest pines were observed growing at BF and DC
sites, which had the warmest estimates of summer tem-
peratures (BF and DC) and lowest soil pH (DC; Figure 5).
In contrast, sites in the TC burned area represented inter-
mediate values of environmental covariates. None of the
TC sites produced pines with aboveground biomass in
the upper ranges observed in the other burn clusters, an
effect that was not well captured by our suite of environ-
mental covariates.

The herbivore exclosures used to protect seedling
transplants from mammal herbivory in 2005–2008 had a
small but significant effect on pine transplant biomass in
2011 (Table 1). Exclosures had a negative effect on seed-
ling transplants, rather than the expected positive effect:
by 2008, when the exclosures were removed, pine
seedlings in exclosures were on average 25% smaller
(8.2 ± 0.9 g in exclosures vs. 10.3 ± 1.0 g outside) than
those without. Although the impact of exclosures carried
forward to biomass in 2011, this factor had a relatively
small effect on 2011 aboveground biomass (Table 1).

F I GURE 2 Probability of successful pine germination occurring in a seeded plot (0 = no germination, 1 = at least 1 seedling

germinated), shown in relation to significant environmental covariates of site moisture (left panel; 1 = xeric and 6 = subhygric) and mean

summer (JJA) temperature (average of 2005–2010), both measured at the site level. Lines show the modeled effect of the predictor variable

on the response with 95% confidence intervals. Individual points (shown with jittering to reduce overlap) represent seeding plots (n = 195)

nested within sites (n = 39), color-coded by burn complex: BF (Boundary fire) in green, DC (Dalton fire complex) in orange, and TC (Taylor

fire complex) in purple.
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TAB L E 1 Estimates, confidence intervals (CI), p-values, and Marginal and Conditional R2 (M-R2 and C-R2) from generalized linear

mixed effect models of the presence of seedling germination, the number of seedlings per block, given that successful germination occurred,

the proportion of seedlings that survived until at least 2011, transplanted lodgepole pine survival to 2011, transplanted lodgepole pine

biomass (g/individual) in 2011, relative dominance of lodgepole pine in 2011, calculated as the ratio of pine biomass to total biomass of all

transplants in that block (pine, aspen, white spruce, and black spruce), transplanted lodgepole pine biomass in 2011 as a function of

successional trajectories, relative dominance of lodgepole pine in 2011 as a function of successional trajectories, and reproductive maturity

(production of female cones) observed for seedling transplants during the final surveys in 2015.

Model Predictors Estimatesa CI p-value M-R 2 (C-R 2)

Presence of seedling germinationb 0.214 (0.482)

(Intercept) 1.93 1.10–3.41 0.023

Residual organic layer 0.68 0.35–1.33 0.259

pH 0.84 0.42–1.68 0.626

Soil moisture (2008) 2.6 1.28–5.29 0.008

Mean summer temperaturee 2.43 1.23–4.82 0.011

No. seedlings per block, given that
successful germination occurredc

0.107 (0.605)

(Intercept) 5.65 4.16–7.67 <0.001

Residual organic layer 1.02 0.72–1.45 0.903

pH 1.09 0.75–1.57 0.651

Soil moisture (2008) 1.07 0.74–1.53 0.724

Mean summer temperaturee 1.34 0.95–1.90 0.094

No. seedlings germinated and
survived to 2011b

0.070 (0.104)

(Intercept) 0.52 0.43–0.63 <0.001

Residual organic layer 0.6 0.48–0.75 <0.001

pH 0.96 0.75–1.24 0.773

Soil moisture (2008) 0.99 0.77–1.27 0.935

Mean summer temperaturee 0.94 0.73–1.20 0.602

Lodgepole pine survivalb 0.909 (0.916)

(Intercept) 249 53.2–1761.6 <0.001

Residual organic layer 0.68 0.40–1.15 0.147

pH 1.11 0.60–2.04 0.74

Mean summer temperaturee 0.49 0.27–0.90 0.022

Soil moisture (2008) 0.61 0.36–1.02 0.059

Exclosure [none] 1 0.46–2.14 0.99

Pine Biomass in 2008 307 7.96–11874.57 0.002

Lodgepole pine biomassd 0.529 (0.700)

(Intercept) 47.2 35.81–62.16 <0.001

Residual organic layer 0.54 0.39–0.73 <0.001

pH 0.43 0.32–0.58 <0.001

Mean summer temperaturee 1.9 1.39–2.61 <0.001

Soil moisture (2008) 0.74 0.54–1.01 0.082

Exclosure [none] 1.39 1.15–1.69 <0.001

(Continues)
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The co-planting of pine seedlings with black spruce,
white spruce, and aspen (Figure 1) across the full set of
sites made it possible to evaluate pine performance in
relation to other native species. Pine relative dominance
was greatest at sites with acidic soils and warmer summer
temperatures (Figure 6, Table 1). Although qualitatively
similar to the relationships of pine biomass with environ-
mental covariates, we observed stronger responses (effect
sizes) of pine relative dominance to soil pH and summer
temperatures (see Figure 5 vs. Figure 6 and Table 1).
Therefore, response patterns of pine seedling growth to
soil acidity and summer temperature led to pine seedlings
increasing in competitive dominance under those

conditions. Similar to biomass, relative pine dominance
was also impacted by the herbivore exclosures present
from 2005 to 2008 (Table 1). The presence of exclosures
decreased average pine relative dominance within a
block from 0.48 ± 0.02 to 0.41 ± 0.02.

When sites were grouped by successional trajectory,
we found that pine biomass was significantly lower
(p < 0.001, GLMM of categorical differences) at sites that
were recovering to spruce dominance (Figure 7A). This
pattern was weaker but still apparent when examining
pine relative dominance, which was significantly lower
(p < 0.05, GLMM of categorical differences) in sites that
remained dominated by spruce after fire (Figure 7B).

TAB L E 1 (Continued)

Model Predictors Estimatesa CI p-value M-R 2 (C-R 2)

Relative dominance of lodgepole pine
in 2011b

0.225 (0.292)

(Intercept) 0.57 0.39–0.83 0.003

Residual organic layer 0.72 0.50–1.03 0.071

pH 0.39 0.26–0.58 <0.001

Mean summer temperaturee 1.61 1.13–2.29 0.008

Soil moisture (2008) 0.91 0.63–1.32 0.633

Exclosure [none] 2.11 1.32–3.36 <0.001

Lodgepole pine biomassd 0.141 (0.680)

Spruce (Intercept) 14.8 5.85–37.66 <0.001

Mixed 2.76 0.77–9.91 0.118

Deciduous 6.45 2.06–20.14 <0.001

Open 2.93 0.71–12.09 0.137

Relative dominance of lodgepole pine
in 2011b

0.042 (0.234)

Spruce (Intercept) 0.36 0.15–0.83 0.016

Mixed 2.31 0.75–7.14 0.145

Deciduous 2.77 1.01–7.64 0.049

Open 3.7 1.07–12.74 0.038

Reproductive maturity (presence of
female cones)b

0.716 (0.764)

(Intercept) 0 0.00–0.00 <0.001

Pine Biomass in 2015 (log10) 36 7.34–176.80 <0.001

Note: Bolded p-values indicate significance (<0.05). See Appendix S1: Table S1 for the residual variance (σ2), random intercept variance (τ00 site), intraclass
correlation coefficient (ICC), number of sites, and number of observations for each model.
aFor all models, the estimated coefficients are exponentiated. For all models apart from those of lodgepole pine biomass, the estimates represent odds ratios.
For odds ratios, values less than 1 indicate that the odds of the event happening decrease and values greater than 1 indicate that the odds of the event
happening increase. For the relative dominance model with a categorical fixed effect, the odds ratio compares the odds of the event occurring for each category
of the predictor relative to the reference category of spruce. For the first lodgepole pine biomass model, values less than 1 indicate a negative effect and values
greater than 1 indicate a positive effect. For the lodgepole pine biomass model with a categorical fixed effect, values are relative to the reference category of

spruce.
bBinomial error distribution and logit link.
cNegative binomial error distribution and log link.
dGamma error distribution and log link.
e2005–2010.
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Of the pine transplants that lived until the final har-
vest in 2015, several had reached reproductive maturity
and begun producing female seed cones (31 of 179 total
transplants). In contrast, we did not observe female cones
on any of the black or white spruce seedlings
transplanted at the same sites (data not shown). Female
cone production was strongly related to pine transplant
size, with the largest transplants in our sample having a
higher probability of having cones (Figure 8; Table 1).
Based on seedlings being transplanted at a size roughly
equivalent to a 3-year-old natural seedling, pine trans-
plants at the time of the 2015 cone surveys had a biologi-
cal age of 13 years.

Simulation modeling

After a century of simulated growth, lodgepole pine
at the 90 sites representing the full sample network
(Johnstone et al., 2010) was 19.5 m tall on average with a
median dbh of 27 cm. iLand captured the central ten-
dency of lodgepole pine heights and DBHs observed at
experimental planting sites in 2015, but did not recreate
the stand-to-stand variability in observed lodgepole-pine
sizes (Appendix S1: Figure S1). Therefore, model results
are likely to represent average tendencies with less vari-
ability than may exist in the real world. Simulated stand
dynamics with and without pine presence suggest
reduced growth for naturally occurring tree species when
pine was present (competitive suppression). For the 2004
burned sites, both the model with and without pine esti-
mated the highest accumulation of aboveground biomass
for birch and least for black spruce, with trembling aspen
at intermediate levels and with the greatest range of vari-
ation (Figure 9A). Competition with pine was neverthe-
less estimated to have greater suppression effects on
birch and black spruce compared with trembling aspen.
Although the addition of pine suppressed the growth of
native trees, increased wood accumulation by pine led to
an increase in total simulated ecosystem C stocks in
stands with pine after a century of post-fire recovery
(Figure 9B).

DISCUSSION

Native boreal populations of lodgepole pine (P. contorta
var. latifolia) are currently found as far north and west as
the central Yukon Territory, approximately 100 km from
Interior Alaska (Alden & Zasada, 1983). Observations of
post-fire expansion of lodgepole pine populations along
these geographical boundaries suggest ongoing migration
(Johnstone & Chapin, 2003). Furthermore, forestry trials

F I GURE 3 The number of seedlings that germinated per

seeded plot (0.25 m2 seeded area) shown in relation to mean

summer (JJA) temperature (average of 2005–2010) estimated at the

site level. Lines show the fitted relationship with 95% confidence.

Individual points (shown with jittering to reduce overlap) represent

seeding plots (n = 195) nested within sites (n = 39), color-coded by

burn complex: BF (Boundary fire) in green, DC (Dalton fire

complex) in orange, and TC (Taylor fire complex) in purple.

F I GURE 4 The proportion of pine seedlings that survived

until 2011 in seeded plots in relation to residual soil organic layer

(SOL) depth. Lines show the fitted relationship with gray shading

encompassing the 95% confidence interval. Individual points

(shown with jittering to reduce overlap) represent seeding plots

with at least one successful germinant (n = 119), color-coded by

burn complex: BF (Boundary fire) in green, DC (Dalton fire

complex) in orange, and TC (Taylor fire complex) in purple.
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indicate that climatic conditions are amenable to pro-
ductive lodgepole pine growth in plantation settings in
Alaska (Alden, 2006). Here we tested the potential for
lodgepole pine to become established after fire under nat-
ural conditions in habitats previously dominated by black
spruce. Our experimental results suggest that, if dispersal
constraints are released, the establishment and continued

spread of lodgepole pine is likely in the boreal forests
of Interior Alaska. Both field observations and model
simulations indicate that once established, lodgepole
pine exhibits robust growth, and is capable of forming
pine-dominated stands. Our empirical evidence under-
scores that dispersal, rather than environment or biotic
interactions, predominantly constrains the northern

F I GURE 5 Aboveground biomass (g/individual) of transplanted lodgepole pine seedlings measured in 2011, shown in relation to

significant environmental covariates of soil pH, residual soil organic layer (SOL) depth (in centimeters), mean summer (JJA) temperature

(in degrees Celsius) (average of 2005–2010) measured at the site level, and presence of exclosures. Lines (or black point with error bar for

exclosures) show the modeled effect of the predictor variable on the response variable with 95% confidence intervals. Individual points

represent transplants (n = 442) nested within sites (n = 39), color-coded by burn complex: BF (Boundary fire) in green, DC (Dalton fire

complex) in orange, and TC (Taylor fire complex) in purple.
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range limits of these trees. This finding aligns with
large-scale models emphasizing the significance of
migration lags in shaping biogeographic responses of
tree species to ongoing climate change (Seliger
et al., 2021; Svenning et al., 2010). Moreover, the pros-
pect of an extensive lodgepole pine range in Interior
Alaska has important implications for considering the

impacts of forest plantations or other assisted migration of
pine in this region.

Demographically structured field experiments allowed
us to distinguish constraints over the different stages
required for pine to successfully recruit into burned
spruce stands, namely germination, survival, growth,
and relative dominance (Seidl & Turner, 2022). The

F I GURE 6 Relative dominance of lodgepole pine in 2011, calculated as the ratio of pine biomass (g/individual) to total biomass of all

transplants in a block (pine, aspen, white spruce, and black spruce), shown in relation to significant environmental covariates of (A) soil pH,

and (B) mean summer (JJA) temperature (in degrees Celsius) (average of 2005–2010) measured at the site level, and (C) presence of

exclosures. Values of 0 relative dominance indicate dead pine seedlings that did not contribute to total biomass, while values of 1.0 indicate

blocks with pine contributing 100% of total biomass. Lines (or black point with error bars for exclosures) show the modeled effect of the

predictor variable on the response variable with 95% confidence intervals. Individual points represent blocks (n = 376) nested within sites

(n = 39), color-coded by burn complex: BF (Boundary fire) in green, DC (Dalton fire complex) in orange, and TC (Taylor fire complex) in

purple.

F I GURE 7 Aboveground biomass (g/individual) (A) and relative dominance (B) of lodgepole pine in 2011, grouped according to

successional trajectories derived from patterns of natural tree recruitment (Johnstone et al., 2020; Mack et al., 2021). Categories of

successional trajectories were defined on the basis of a deciduous fraction index (DI = relative density plus relative biomass of deciduous

tree seedlings divided by two and multiplied by 100). Spruce: DI ≤33.33%, Mixed: DI >33.33% and <66.66%, Deciduous: if DI was ≥66.66%.
Open: less that one tree stem of any species per sq. m.
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germination success of pine seeds was impacted by mul-
tiple environmental factors, but these did not substan-
tially diverge from previously documented effects of
environmental factors on seed germination of native tree
species already present in Alaska (Brown et al., 2015;
Johnstone et al., 2010; Johnstone & Chapin, 2006). It is
particularly instructive to compare pine recruitment pat-
terns to those of black spruce, which dominates forests in
Interior Alaska and can form co-dominant communities
with pine in the boreal forests of northwest Canada
(Greene et al., 1999; Johnstone & Chapin, 2003). Both
lodgepole pine and black spruce showed an increased likeli-
hood of germination in seeded plots with higher soil mois-
ture in overlapping experiments (Brown et al., 2015). Both
species also had reduced recruitment and lower survival on
thicker organic soils. Similarly, lodgepole pine and black
spruce showed similar positive responses to decreased
organic layer depths associated with high fire severity in
seedling experiments at sites in Yukon and Alaska, inside
and outside the natural pine range (Johnstone &
Chapin, 2006). Although lodgepole pine seeds have a larger
mass than black spruce seeds (Greene & Johnson, 1993),
this does not appear to confer a large advantage for pine
recruitment, as average seed requirements to produce an
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F I GURE 9 Simulated (A) aboveground individual tree (>4 m height) biomass (g) and (B) stand total carbon (C; kg ha-1) after a

century of growth at 90 black spruce stands that burned in 2004. Stands were simulated with and without lodgepole pine present, using

tree species known to have naturally recruited at the sites (Johnstone et al., 2020). At the stand level, C pools were split into live

aboveground C and belowground C pools in the soil organic layer (SOL), roots, and downed woody debris. Boxplots display the median

value (central line) within the 25th and 75th quantiles (outer box), with whiskers illustrating the 1.5 Interquartile range. Data from

model simulations provide complete samples of populations of interest, without requiring statistical estimates of parameters for

interpretation of effect sizes.

F I GURE 8 Probability of reproductive maturity (production of

female cones) in relation to pine aboveground biomass (log 10 (g/

individual)) observed for seedling transplants during the final

surveys in 2015. Lines show the modeled effect of the predictor

variable on the response with 95% confidence intervals. Individual

points (shown with jittering to reduce overlap) represent seedling

transplants (n = 179) nested within sites (n = 39), color-coded by

burned complex: BF (Boundary fire) in green, DC (Dalton fire

complex) in orange, and TC (Taylor fire complex) in purple.
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established pine seedling were only slightly lower than the
requirements for black spruce (Brown et al., 2015).

As with germination, aboveground biomass and the
survival of transplanted pine seedlings showed responses
to environmental factors that are qualitatively similar to
those exhibited by naturally recruiting black spruce fol-
lowing the 2004 burns (Johnstone et al., 2020). We
observed high rates of transplant survival, with mortality
primarily occurring among small individuals, suggesting
favorable environmental conditions. Water limitation is
likely to constrain seedling survival in warmer, drier
portions of the range (Coops & Waring, 2011; Hansen &
Turner, 2019; Monserud et al., 2008) but does not appear
to play a large role in the more northerly setting of this
study, where warmer summer climate had a positive
effect on growth. Pine biomass was also higher on the
more acidic soils in this experiment, consistent with a
general tendency for lodgepole pine to specialize in
lower fertility soils (Lotan & Perry, 1983). Pine seedlings
showed reduced growth on deeper organic layers, simi-
lar to native tree responses to post-fire organic layer
depth (Greene et al., 2007; Johnstone et al., 2020;
Johnstone & Chapin, 2006). Differential responses of
pine to soil acidity and temperature were the most
important factors in predicting the conditions under
which lodgepole pine out-grew co-planted native trees.

Biotic interactions do not appear to significantly con-
strain the potential for pine range expansion in Alaska.
Frequent competitive dominance of pine seedlings in our
experiments and model simulations indicates that pine is
unlikely to be outcompeted by other native tree species
during expected disturbance-free intervals of <150 years
(Johnstone et al., 2010). Fungal communities associated
with the planted pine seedlings broadly overlapped with
mycorrhizal communities present on native spruce seed-
lings, suggesting that pine expansion in Alaska could be
facilitated by local fungal taxa (DeVan et al., 2023). How-
ever, pine seedlings were associated with a unique set of
host-specific Suillus fungi that are likely to favor the com-
petitive dominance of pine (DeVan et al., 2023).

We found no evidence that mammalian herbivory is
likely to constrain pine growth across diverse sites, which
is consistent with our estimate of weak to no effect of
moose or hare herbivory on natural tree recruitment in
the same burn areas (Johnstone et al., 2020). Exclosures
designed to protect transplanted seedlings from herbivory
by moose and hare instead had a weak negative effect on
pine transplants. Although the exclosures were removed
3 years after the transplant experiment began, pine
seedlings at the most productive sites were already rap-
idly outgrowing the wire cages. This crowding effect is
likely to have been the mechanism underlying the nega-
tive exclosure effect. Although we observed occasional

signs of snowshoe hare herbivory on pine seedlings, partic-
ularly the removal of stem leaders, pine seedlings were
resilient to these events and transferred apical growth to
lateral meristem growth. Therefore, although herbivores
were present and active in removing biomass from some
seedlings, mammalian herbivory did not act as a strong fil-
ter on early pine survival and growth in this study.

The onset of reproductive maturity of transplanted
pine seedlings was strongly linked to seedling biomass,
suggesting that this onset is affected by the same
environmental factors that impact growth. Early produc-
tion of nonserotinous cones by lodgepole pine creates
opportunities for infilling while stands are still young
(Kashian et al., 2005). Our findings indicate that close to
one out of five transplanted pine seedlings reach repro-
ductive maturity by the equivalent of 13 years of growth.
This aligns with observations of pine reproduction in
plantations in Interior Alaska, where the average age to
reproductive maturity was 17 years and the earliest onset
was 11 years (Alden, 2006). In southerly locations, where
pine growth is faster, cone production may begin for nat-
urally recruited seedlings as early as 9 years after fire and
is similarly linked to tree size (Turner et al., 2007). In
contrast, none of the black spruce transplants in our
experiment were producing cones by 2015, when the
experiment concluded. The ability of pine to produce
cones at an early age, combined with high growth in
areas with thin SOLs and high cone serotiny, could con-
fer a competitive advantage over the semiserotinous
black spruce. This advantage may facilitate pine expan-
sion, particularly as wildfire increases and fire return
intervals decrease in the region.

Natural tree recruitment in pre-fire black spruce-
dominated sites is sensitive to variations in post-fire organic
layer depth (Johnstone et al., 2020). Previous research
shows that thick organic layers inhibit the germination
and survival of small-seeded deciduous species (Greene
et al., 2007; Johnstone et al., 2020; Johnstone &
Chapin, 2006), therefore favoring a return to spruce domi-
nance. Patterns of pine biomass and relative dominance in
relation to natural patterns of post-fire recovery suggested
that the same factors that constrain deciduous tree coloni-
zation and favor post-fire spruce resilience (Johnstone
et al., 2010) are likely to constrain the potential dominance
of lodgepole pine. Therefore, if pine seed were available for
post-fire colonization in Interior Alaska, we predict that it
would colonize sites with a high potential for shifting to
deciduous tree dominance after fire. The presence of a
boreal pine species with similar recruitment tolerance and
competitive ability as deciduous trees could reduce the
potential for severe fires to initiate shifts from conifer to
deciduous tree dominance, altering the indirect effects of
severe fires on boreal C balance (Mack et al., 2021).
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Pine migration and dominance in Interior Alaska
could significantly impact C storage, forest products,
wildlife habitat, and future fire hazards. Our iLand simu-
lations suggest that the expansion of pine in this region
would alter successional trajectories, shift ecosystem C
stocks from belowground to aboveground pools, and
affect forest harvest yields. While the rapid growth of
pine trees could increase forest productivity, it could also
lead to changes in canopy closure and litter production,
impacting understory vegetation and reducing forage
availability for wildlife. The potential implications of pine
expansion for disturbance dynamics within Interior
Alaska are largely unknown but crucial. Adaptations of
lodgepole pine for post-disturbance spread indicate that,
if seed were available, increased fire activity and warmer
summer temperatures could facilitate pulses of pine
expansion, as observed in Yukon, Canada (Johnstone &
Chapin, 2006). Holocene pine spread has also tended to
occur in association with increasing fire activity
(Carcaillet et al., 2001; Edwards et al., 2015; Payette
et al., 2022). The rapid growth of pine may cause fuel
accumulation that supports crown fire spread more rap-
idly than other conifers and certainly deciduous broad-
leaf species (Cumming, 2001; Nelson et al., 2017).
Existing plantations of pines in boreal Alaska (Alden,
2006) could set the stage for rapid shifts in forest compo-
sition, especially where fires intersect with pine seed
sources. Pine expansion may exacerbate increases in fire
activity due to high flammability. However, the high
resilience of pine to wildfire may also aid in maintaining
forest cover in the face of warming-induced increases in
fire (Hart et al., 2019; Héon et al., 2014).

Successful recruitment, survival, growth, and repro-
ductive maturity of lodgepole pine across our broadly dis-
tributed network of experimental sites indicates that
environmental conditions commonly found in Interior
Alaska fall well within the tolerance limits for pine. Rela-
tive biomass dominance in the first decade after the fire
suggests that pine is a strong competitor under current
conditions at many sites previously dominated by black
spruce, even in the presence of alternative competitive
species such as trembling aspen and white spruce. Pine
does not uniformly outperform the other native species,
but there is a broad set of site conditions where it does
well. Evidence of rapid development of reproductive
maturity, before that of white or black spruce in the same
environment, indicates that lodgepole pines have the
reproductive potential to persist across generations even
under short fire return intervals in Alaska. In sum, our
experimental results provide evidence that lodgepole pine
has a geographically expansive potential range in Alaska,
with a current distribution constrained by seed dispersal.
Simulated projections of future lodgepole pine

colonization in Alaskan landscapes could help determine
consequences for forest reorganization and the boreal C
cycle. Such studies are particularly valuable in the con-
text of understanding how migration lags caused by dis-
persal limitation may shape forest structure and function
(Seliger et al., 2021; Svenning et al., 2010). Furthermore,
a better understanding of factors constraining range
expansion and the potential effects on landscape pro-
cesses has implications for policy decisions related to
assisted migration and species conservation in a chang-
ing climate.
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