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A B S T R A C T

Climate change is increasing temperatures and the frequency and severity of drought events in the western 
United States (U.S.), raising concerns about the persistence of widespread, ecologically important species like 
lodgepole pine (Pinus contorta Dougl. var. latifolia Engelm.). We sampled a long-term provenance trial in north- 
central Colorado, U.S. to examine intraspecific differences in tree size, survival, growth-climate response, and 
drought tolerance. Using thirty years of tree-ring data and climate data relativized as the climatic distance be
tween provenances and planting site, we evaluated the influence of provenance climate on growth-climate re
lationships and resistance, recovery, and resilience to a 2002 drought. We found that provenance did not impact 
tree size and survival, but a weak trend suggests that provenances from areas with greater growing season 
precipitation had larger average basal area increments. Overall, local site climate influenced annual growth more 
than provenance origin. Significant differences in drought resistance were found among provenances, notably, 
populations from warmer and wetter climates showed significantly greater resistance to drought than pop
ulations from colder, drier climates. Resilience differed between provenances with populations from cooler and 
wetter growing seasons showing greater resilience than populations from colder and drier growing seasons. 
Findings suggest that while lodgepole pine from its more southern range may exhibit flexibility under favorable 
conditions, climate-informed seed sourcing may become increasingly important as drought frequency and in
tensity increase. Long-term provenance trials provide critical insight for guiding forest adaptation efforts like 
forest assisted migration to enhance forest resilience under future climate change.

1. Introduction

Climate change is reshaping forest ecosystems across the globe, with 
rising temperatures as the primary driver of these shifts (Allen et al., 
2010; IPCC et al., 2023). Trees, the foundational element in forests, 
support ecosystem productivity, biodiversity, and carbon storage, but 
are particularly vulnerable to climatic changes (Birdsey et al., 2019; 
Renwick and Rocca, 2015; Twardek et al., 2023). Historically, climate 
has shifted slowly, allowing trees to adapt or migrate to more suitable 
habitats over the course of thousands of years through seed dispersal 
across relatively unfragmented landscapes (Renwick and Rocca, 2015). 
Because trees are locally adapted to their growing environments, rapid 
shifts in climate can leave populations vulnerable to maladaptation or 

even extirpation (Aitken and Whitlock, 2013; Aitken et al., 2008; 
Rehfeldt et al., 1999; Williams and Dumroese, 2013). Indeed, there is 
evidence that the rates of tree population migration are being outpaced 
by the rapid rate of climate change (Aitken and Bemmels, 2015; Bower 
et al., 2024; Gray et al., 2016). As a result, many tree populations now 
face growing environments that are beyond their adaptive capacity 
(Wang et al., 2006).

One management strategy aimed at overcoming the lag in tree 
adaptation to climate is forest assisted migration (FAM), or the inten
tional movement of seeds to locations where they are better matched to 
projected future climates (Park and Talbot, 2018; Pedlar et al., 2012; 
Royo et al., 2023; Sáenz-Romero et al., 2020; Williams and Dumroese, 
2013). For widely distributed tree species, assisted population 
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migration, or moving populations within a species’ natural range, is 
particularly relevant, as it maintains species ecological function while 
introducing new populations that are better suited to future expected 
climate conditions (Park and Talbot, 2018; Ste-Marie et al., 2011). This 
facet of FAM is generally considered less risky than other types of 
assisted migration (Bower et al., 2024; Pedlar et al., 2012). Practitioners 
and researchers posit that reforestation after disturbance is the most 
practical means of implementing FAM, and when implemented delib
erately, seed transfer can match populations to projected climate and 
enhance resilience and genetic diversity (Liepe et al., 2016; Worrall and 
Rehfeldt, 2021).

The intentional movement of tree populations to areas where they 
are best adapted has been a common forestry practice for centuries 
(Langlet, 1971). Transfers are traditionally based on evidence of local 
adaptations from provenance experiments, which compare different 
populations of trees grown in a common environment. Past provenance 
experiments demonstrate that population performance differs based on 
a tree’s adaptation to its local climate (Aitken et al., 2008; Risk et al., 
2021) but also show maladaptation of some populations when trans
ferred far outside their provenance climate origin (McLane et al., 2011). 
In this context, provenance climate refers to the historical climate con
ditions at a population’s seed source location. Local climate refers to the 
climate conditions experienced at a planting or growing site. Differences 
between provenance climate and local climate, commonly called climate 
distance, can alter tree growth and survival following transfer. Findings 
surrounding local adaptation of trees to their climate led to the devel
opment of seed transfer guidelines, which establish how far in elevation, 
latitude or longitude a seed can be moved while still maintaining its 
adaptation to the local environment (Rehfeldt, 1983). However, rapid 
climate warming may challenge established seed transfer guidelines 
(Gray and Hamann, 2013; Pedlar et al., 2012). FAM practices are 
intended to re-align populations with their optimal climate conditions in 
the face of a shifting baseline so that forests maintain productivity 
(Pedlar et al., 2012). Although FAM has been implemented experi
mentally across the world, it has not been widely adopted (Twardek 
et al., 2023). Identifying suitable seed sources and clarifying 
population-level variation in climate responses is critical in moving FAM 
from concept to practice.

Rocky Mountain lodgepole pine (Pinus contorta Dougl. var. latifolia 
Engelm.; hereafter, “lodgepole pine”) is one of the most widespread 
conifer tree species in North America, with a distribution that spans from 
its northern range in Yukon, Canada to its southern range in the 
Southern Rocky Mountains in Colorado, United States (U.S.) (Anderson, 
2003; Lowery, 1984). Provenance research has shown that northern 
lodgepole pine populations exhibit substantial intraspecific variability 
in climate response due to local adaptations (Gray et al., 2016; Illing
worth, 1978; Isaac-Renton et al., 2018; Rehfeldt, 1988). These local 
adaptations offer an opportunity to leverage this variability to sustain 
lodgepole pine persistence in western North America (Williams and 
Dumroese, 2013) and to potentially plant it beyond its current 
geographic range (Zhao and Wang, 2023). Despite extensive research on 
the growth-climate relationships of northern lodgepole pine populations 
(Chhin et al., 2008; McLane et al., 2011; Montwé et al., 2016), 
comparatively little is known about southern lodgepole pine populations 
in the western U.S., particularly relating to drought, which is a major 
threat facing these forests (Allen et al., 2010; Halofsky et al., 2018; 
Worrall and Rehfeldt, 2021). This knowledge gap constrains the devel
opment of climate-informed seed transfer guidelines in this region.

In its southern range, lodgepole pine is a dominant subalpine species 
with intraspecific variability in annual radial growth responses to 
climate (Fritts, 1974; Villalba et al., 1994). Its production of serotinous 
cones allows for the persistence of viable aerial seed banks after 
high-severity fire, promoting rapid post-fire regeneration and giving it 
the ability to dominate large swaths of forested landscapes (Lowery, 
1984; Rhoades et al., 2022; Rhoades et al., 2025). Despite this, the 
species is increasingly vulnerable to climate change, particularly in 

western U.S. subalpine forests (Halofsky et al., 2018). Lodgepole pine 
populations in this region are at their southern range margin, making 
them more sensitive to climate maladaptation compared to more 
northern populations because they are already living at the edge of their 
climatic tolerances (Burns and Honkala, 1990; Leech et al., 2011; Ren
wick and Rocca, 2015). Bioclimatic niche models further project wide
spread habitat loss and the potential extirpation of southern lodgepole 
pine populations in this region due to climate change (Worrall and 
Rehfeldt, 2021).

The goal of this study is to investigate growth-climate relationships 
of southern lodgepole pine and compare drought resilience across 
climatically diverse populations. Specifically, our research is driven by 
two main questions. First, does seed source climate influence the radial 
growth responses of lodgepole pine trees to climate in its southern 
range? Second, do lodgepole pine trees from drier source climates 
exhibit greater radial growth drought resistance, recovery, and resil
ience than those from less dry source climates? For our first question, we 
hypothesize that seed-source climate influences the radial growth re
sponses of lodgepole pine trees in its southern range, given that this has 
been found elsewhere in the species range (Chhin et al., 2008; Illing
worth, 1978; Montwé et al., 2016). For our second question, we hy
pothesize that trees from drier source climates will exhibit greater radial 
growth drought resistance, recovery, and resilience at our study site, due 
to adaptations shaped in response to their source climates, as was found 
at more northern sites in British Columbia, Canada (Isaac-Renton et al., 
2018; Montwé et al., 2016). By quantifying the drought resilience of 
different seed sources of lodgepole pine in its southern range, this study 
contributes knowledge towards targeted FAM efforts in the western U.S. 
region aimed at supporting long-term forest health and productivity for 
future generations.

2. Methods

2.1. Study Site

We sampled a 40-year-old provenance trial in Fraser Experimental 
Forest (FEF) in north-central Colorado, U.S. (Fig. 1). It is located in a 
subalpine, high-elevation (2706 m) ecosystem that experienced an 
average temperature of 3◦C and average annual precipitation of 590 mm 
throughout our study period, 1992–2021, with most precipitation 
occurring during the late-winter and mid-spring months (Wang et al., 
2016). To establish the experiment, cones were collected from lodge
pole pine trees in 1979 along a latitudinal (37.6◦N to 48.3◦N) and ele
vational (1372 m to 3506 m) gradient, resulting in 34 populations from 
La Veta Pass, Colorado to Marias Pass, Montana (Moore, 1981; Fig. 1). 
The 34 populations represent gradients in mean annual temperature 
from − 1.3◦C to 5.9◦C and mean annual precipitation from 225.8 mm to 
1035.5 mm (Wang et al., 2016; Supplementary Table 1; Supplementary 
Figure 1). Seeds were greenhouse-germinated and grown for two 
growing seasons before being outplanted in a clearcut lodgepole pine 
stand in 1982. The planting involved 45 seedlings from each of the 34 
provenances, arranged randomly in three adjacent blocks measuring 
84 m x 84 m each. Within each block, 447 seedlings were planted at a 
square spacing of 3.0 m with one empty space, totaling 1341 trees across 
three blocks (Moore, 1981).

2.2. Field Sampling

Field data were collected in 2022 and 2023. Survival (live/dead) was 
recorded for each individual (n = 1341). Radial growth, diameter at 
breast height (DBH), and height measurements were collected on a 
sample of trees (n = 212) distributed across the three blocks and across 
provenances. To reduce any potential confounding effects of competi
tion, we limited our sampling to trees that were not located on the edge 
of a block and had live, intact neighbors on all four sides. These re
quirements, coupled with tree mortality, limited our sampling 
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distribution and resulted in sampling 2–6 trees per provenance for a 
total of 160 trees. Annual radial growth was sampled by extracting one 
increment core from each sample tree using a 5.15 mm diameter 
increment borer at approximately 0.30 m above ground level to capture 
early growth patterns. Our single-core per individual approach was 
informed by Bottero et al. (2017) and was selected because the site 
occurs on a relatively flat stand, where we expected compression wood 
to be minimal.

2.3. Lab Processing

Tree cores were processed using standard dendrochronological 
techniques (Speer, 2010). Cores missing the pith by > 3 rings or 
obscured by knots were resampled in 2023. Cores that lacked distin
guishable annual rings due to poor sampling or preparation were 
excluded from further analysis. To ensure that annual rings were 
assigned to the correct year, we first visually crossdated tree-ring series 
using the list method outlined by Yamaguchi (1991) (Supplementary 
Figure 2), followed by graphical crossdating which was performed 
while measuring tree-ring series using Cybis Dendro Dating Program 
software (CDendro; Larsson, 2003; Maxwell and Larsson, 2021). These 
methods have been shown to be just as accurate as traditional 
skeleton-plotting (Maxwell et al., 2011) and are particularly efficient 
when tree-rings are generally wide and missing rings are rare, such as 
what we observed here. The dplR package (Bunn, 2008, 2010; Bunn 
et al., 2023) was used in R (R Core Team, 2023) to statistically confirm 
crossdating. Cores with an interseries correlation < 0.4 were excluded to 
ensure accurate dating. The final dataset included 160 tree cores 
(Table 1). We selected the years 1992–2021 as our study period based on 
the availability of clear and consistently crossdated ring-width data and 
to focus on a period during which climatic influences on growth were 
more consistently reflected, as early establishment effects may obscure 
growth-climate relationships. Annual basal area increment (BAI) was 
calculated for each tree during this period to assess annual radial 
growth.

2.4. Climate Data

To characterize the climatic conditions that provenance trees were 
adapted to prior to seed collection, we used 30-year normal monthly 
climate data from ClimateNA (Wang et al., 2016) using latitude, longi
tude, and elevation. ClimateNA calculates site specific climate variables 
first by bilinear interpolating the four neighbor grid cells based on each 
point’s distance to the cell centers and then adjusts this value for 
elevation by calculating a local lapse rate by fitting a linear regression of 
climate difference and elevation difference for the cell and the eight 
surrounding cells. From this we extracted 30-year normal (1951–1980) 
monthly climate data for FEF and each provenance site to calculate 
climate transfer distances and extracted actual monthly climate data 
(from 1992 to 2021) for FEF to calculate correlations between annual 
radial growth and annual climate at the plantation site. Four climate 
variables were selected based on previous studies on lodgepole pine: 
minimum monthly temperature (Tmin), mean monthly temperature 
(Tave), maximum monthly temperature (Tmax), and monthly precipi
tation (PPT) (Chhin et al., 2008; Savva et al., 2007). Given that radial 
growth of lodgepole pine is often correlated with climate conditions 
over several months (Chhin et al., 2008; Villalba et al., 1994), we con
ducted a sliding window analysis for each FEF climate variable to 
identify the periods most strongly associated with annual BAI. Using the 
dendroTools package (Jevšenak, 2020) in R, we tested windows ranging 
from 1 to 12 months from the previous April to the current October of 
each growth ring year. This approach allowed both prior- and 
current-year climate conditions to be evaluated, as climate during the 
previous growing season can influence tree growth during the current 
season through lagged physiological effects (Teets et al., 2022; Villalba 
et al., 1994).

Using the climate windows for each metric with the strongest cor
relation to annual BAI, 30-year normal (1951–1980) monthly climate 
data from each provenance site was summarized (either averaged for 
temperature or summed for precipitation across the best window) and 
relativized to the FEF 30-year climate window average (also 

Fig. 1. Geographic distribution of lodgepole pine (Pinus contorta var. latifolia) provenance sites and study site location in the western United States (U.S.). Circles 
represent the 34 provenance sites from which seed was collected in 1979 across Colorado, Montana, and Wyoming, spanning a latitudinal (37.6–48.3◦N) and 
elevational (1372− 3506 m) gradient. Provenance sites are color-coded by climate cluster derived from k-means clustering based on temperature and precipitation 
conditions relative to the study site. The triangle indicates the Fraser Experimental Forest provenance trial study site in Fraser, Colorado, U.S., where populations 
were planted in 1982 (39.9◦N, 2706 m). The shaded area represents the current geographic range of lodgepole pine in the western U.S. (Little, 1971).
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summarized to the best windows) to assess climate transfer effects 
following Savva et al. (2007) using Eq. 1. 

Climate Distancei = Provenance Normi – FEF Normi                            (1)

Where Climate Distancei is the difference of the 30-year Provenance Norm 
minus the 30-year FEF Norm for a single climate variable (i). Positive 
Climate Distance values indicate that the provenance site climate 

normal is warmer/wetter than the observed climate at FEF, representing 
a transfer to a drier/colder site. Negative values indicate that the 
provenance site climate normal is cooler/drier than the observed 
climate at FEF, representing a transfer to a wetter/warmer site.

2.5. Climate Clusters

Provenances were grouped into climate-based categories using k- 
means clustering on the window-summarized climate distance metrics 
after removing collinear variables (|r| ≥ 0.7). Clustering was performed 
using tidymodels (Kuhn and Wickham, 2020) in R, and the number of 
clusters (k) was selected using the “elbow” method to identify the 
clustering that minimized within group sum of squares and maximized 
between group sum of squares. Clusters were assigned descriptive labels 
(e.g., “Cooler; wetter growing season”) based on the relative position of 
cluster centroids along temperature (Tave) and precipitation (PPT) 
gradients.

2.6. Climate Cluster Influence on Survival, DBH, and Height

The climate clusters were used as categorical predictors to explain 
differences in field observations of survival, DBH, and height. Survival 
proportion was determined for each provenance within each climate 
cluster and compared using a one-way analysis of variance (ANOVA), 
followed by a Tukey’s HSD post-hoc test using emmeans in R (Lenth, 
2025). DBH and height were analyzed in a similar manner using 
ANOVA followed by a Tukey’s HSD post-hoc test.

2.7. Climate Analysis

We fit two sets of models to evaluate annual climate effects on 
growth at FEF during the study period. Site-level growth-climate re
lationships were assessed using univariate linear mixed-effects models 
to predict annual BAI as a function of each FEF climate variable. Annual 
FEF climate predictors were summarized to optimal seasonal windows 
identified in the sliding window analysis (Section 2.4). Provenance and 
year were included as random effects. Models were fit in R using the 
lme4 package (Bates et al., 2015) in R. Both linear and quadratic model 
forms were tested; quadratic terms were included to capture potential 
nonlinear responses such as thermal or moisture optima (Savva et al., 
2007).

To evaluate climate distance effects, we averaged the annual BAI for 
each tree as the response variable (one observation per tree) and con
structed separate models where each provenance climate distance 
metric was used as the only predictor variable (Savva et al., 2007) and 
provenance identity was included as a random effect. Models were fit 
using lme4 (Bates et al., 2015) in R. Both linear and quadratic model 
forms were also tested in this set of models, as climate transfer functions 
often follow a quadratic form (Rehfeldt et al., 1999; Rehfeldt et al., 
2002; Savva et al., 2007).

For both model sets, the best-fitting model form (linear or quadratic) 
for each climate variable was determined by selecting the model with 
the lowest value of the Akaike Information Criterion (AIC). For variables 
with significant model fits, model performance was evaluated using 
marginal and conditional R² (Nakagawa and Schielzeth, 2013; Naka
gawa et al., 2017) from the performance package (Lüdecke et al., 2021) 
in R. We tested spatial autocorrelation by assessing model residuals in 
relation to tree planting position using Moran’s I from the ape package 
(Paradis and Schliep, 2019) in R. We confirmed that final models were 
not affected by spatial autocorrelation (Supplementary Figure 3).

2.8. Drought Resilience Analysis

We used the Standardized Precipitation Evapotranspiration Index 
(SPEI) to evaluate drought response by calculating SPEI at 1- to 24- 
month timescales for 1992–2021 using the SPEI package (Beguería 

Table 1 
Location, elevation, and the number of trees sampled and dated (n) in 2022 and 
2023 for the 34 provenances (n = 160) (Moore, 1981). Provenances are grouped 
by climate cluster (climate distance from the planting site climate; see Section 
2.5 for details) and sorted by latitude.

Climate cluster Provenance Location Lat 
(◦)

Long 
(◦)

Elev 
(m)

n

Colder; drier 
growing 
season

CO− 6 Maysville, 
CO

38.5 − 106.3 3338 3

CO− 8 Tincup, CO 38.8 − 106.4 3079 6
CO− 9 Tincup, CO 38.8 − 106.4 3506 4
CO− 10 Copper 

Mountain, 
CO

39.4 − 106.3 3178 5

CO− 11 Copper 
Mountain, 
CO

39.4 − 106.3 3201 7

CO− 14 Rand, CO 40.4 − 106.1 2835 4
WY− 5 Lander, WY 42.7 − 108.9 2920 3
MT− 12 Schusters 

Place, MT
44.9 − 111.4 2287 4

Cooler; wetter 
growing 
season

WY− 1 Burgess 
Junction, 
WY

44.8 − 107.4 2287 2

WY− 2 Burgess 
Junction, 
WY

44.8 − 107.5 2591 5

MT− 11 Grayling, 
MT

44.8 − 111.2 2012 5

MT− 2 Forest 
Green, MT

46.8 − 110.7 2164 6

MT− 1 Wolsey, MT 46.8 − 110.8 1875 6
MT− 5 Snowslip, 

MT
48.3 − 113.4 1524 6

MT− 4 Snowslip, 
MT

48.3 − 113.4 1555 5

Similar 
temperature; 
drier growing 
season

CO− 7 Buena Vista, 
CO

38.8 − 106.3 3003 4

CO− 12 Minturn, CO 39.5 − 106.4 2652 5
CO− 13 Granby, CO 40.3 − 106.1 2652 5
CO− 15 Rand, CO 40.4 − 106.1 2683 6
WY− 4 Point of 

Rocks, WY
41.7 − 108.9 2591 6

WY− 6 Atlantic 
City, WY

42.6 − 108.8 2668 3

WY− 3 Lander, WY 42.7 − 108.9 2439 4
MT− 9 Sula, MT 45.7 − 113.9 1951 6
MT− 7 Colter 

Creek, MT
45.7 − 114.0 2134 7

MT− 8 Colter 
Creek, MT

45.7 − 114.0 2210 5

MT− 6 Hot Springs, 
MT

46.7 − 114.5 1372 5

Warmer; wetter 
growing 
season

CO− 2 Livermore, 
CO

40.6 − 105.5 2588 6

CO− 16 Livermore, 
CO

40.6 − 105.5 2805 3

MT− 10 Big Sky, MT 45.4 − 111.2 1783 3
MT− 3 Neihart, MT 47.0 − 110.8 1561 6

Hotter; wetter 
growing 
season

CO− 3 Muleshoe, 
CO

37.6 − 105.2 2805 4

CO− 4 Cañon City, 
CO

38.4 − 105.4 2744 4

CO− 5 Parkdale, 
CO

38.5 − 105.4 3049 3

CO− 1 Stove Prairie 
Landing, CO

40.6 − 105.4 2378 4
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and Vicente-Serrano, 2023) in R. We applied the same window selection 
process used in our climate analysis to select the SPEI window with the 
greatest correlation to average annual BAI by testing different seasonal 
windows and durations. BAI was used rather than detrended ring-width 
chronologies to preserve interpretable variation in growth response 
relevant to drought analyses (Biondi, 1999; Bottero et al., 2017). To 
assess whether detrending was warranted, we evaluated long-term 
temporal patterns in BAI through visual inspection and linear 
mixed-effects models. We used window selection to identify drought 
periods using a threshold of ≤ − 0.5 SPEI. This threshold was selected to 
capture the mild to moderate droughts characteristic of the subalpine 
system at FEF and allow us to select a drought with sufficient temporal 
distance to other droughts to avoid compound drought effects. We then 
investigated drought impacts on growth using BAI (Biondi and Qeadan, 
2008; Bottero et al., 2017).

For each tree, we quantified resistance (Rt), recovery (Rc), and 
resilience (Rs) following Lloret et al. (2011) using average BAI four years 
before and after the drought (Eqs. 2–4). 

Rti = Dri / PreDri                                                                            (2)

Rci = PostDri / Dri                                                                          (3)

Rsi = PostDri / PreDri                                                                      (4)

Where for each tree (i), Dr is the average BAI during the drought, PreDr is 
the average BAI for the four years prior to the drought year, and PostDr is 
the average BAI for the four years after the drought year. Rt reflects the 
ability of a tree to maintain growth during a drought, Rc represents post- 
drought growth compensation, and Rs reflects the capacity to return to 
pre-drought growth levels after a drought (Lloret et al., 2011). We 
selected the four-year time interval to reduce interannual variation and 
noise from other drought events. We analyzed differences in Rt, Rc, and 
Rs among climate clusters using ANOVA with provenance as a random 
effect and conducted Tukey’s HSD post-hoc tests for pairwise compari
sons (Lenth, 2025).

3. Results

3.1. Tree-Ring Analysis

The final tree-ring dataset included 160 cores spanning 1984–2022, 
though it was restricted to our study period, 1992–2021, to maximize 
overlap among trees and maintain consistent sampling depth. Visual and 
statistical crossdating showed noticeable synchrony in patterns of 
annual growth across individuals, particularly in marker years, such as 
during droughts in 2002, 2012, and 2016. Mean ring-width averaged 
2.09 mm across provenances and ranged from 1.302 to 3.268 mm, 
indicating modest variation in annual radial growth among seed sources 
(Supplementary Table 2). Standard deviation of ring-widths ranged 
from 0.551 to 1.709 mm, and Gini coefficients ranged from 0.13 to 
0.428, suggesting modest interannual growth variability within prove
nances (Supplementary Table 2). First-order autocorrelation (AR1) 
values ranged from 0.50 to 0.919 (mean = 0.80), indicating moderate 
temporal persistence in annual growth (Supplementary Table 2; 
Supplementary Figure 4).

To evaluate whether long-term temporal trends in BAI warranted 
detrending prior to further analyses, we assessed annual BAI visually 
and using a linear mixed-effects model with year as a fixed effect and 
tree ID as a random effect to account for repeated measurements 
(Supplementary Table 3, Supplementary Figure 5). Although year had a 
significant effect on BAI (F = 217.44, p < 0.001) growth patterns were 
nonlinear and exhibited substantial interannual variability rather than a 
strong age-related trend typically observed in raw ring-width chronol
ogies (Supplementary Table 3; Supplementary Figure 5). Therefore, BAI 
was retained for subsequent climate and drought analyses.

3.2. Analysis of Climate Clusters

K-means clustering of the climatic distance metrics retained after 
collinearity testing was optimized to five climate groups (k = 5; Fig. 1). 
These clusters represent gradients in provenance climate distances from 
FEF, ranging from cooler/warmer to drier/wetter origins. Geographic 
distribution of clusters shows that similar climate types can span wide 
latitudinal ranges across multiple states (Fig. 1), and that the sampled 
provenances span the dominant climatic conditions of lodgepole pine 
across its range in the southern Rocky Mountains (Fig. 2).

3.3. Climate Clusters vs. Survival, DBH, and Height

We found no significant differences in tree survival, DBH, or height 
among climate clusters. Survival was moderate across all clusters, with 
the mean ± standard error ranging from 64.6 ± 4.1% (colder; drier 
growing season) to 71.7 ± 6.1% (hotter; wetter growing season) 
(Table 2). Mean DBH ranged from 14.3 ± 0.5 cm (colder; drier growing 
season) to 15.4 ± 1.5 cm (warmer; wetter growing season) with no 
significant differences among clusters (p > 0.05; Supplementary 
Table 2). Mean height ranged from 7.4 ± 0.2 m (colder; drier growing 
season) to 8.1 ± 0.8 m (warmer; wetter growing season), with no sig
nificant differences detected (p > 0.05; Table 2; Supplementary 
Table 2).

3.4. Relationship Between Growth and Plantation Climate

At the planting site (FEF), BAI from 1992 to 2021 was significantly 
related to seasonal temperature and precipitation variables derived from 
optimal climate windows (Table 3; Supplementary Figure 6). The win
dow analysis indicated that June through September (growing season) 
mean minimum monthly temperature (Tmin), June through August 
(growing season) total monthly precipitation (PPT), September of the 
previous year to January (fall/winter) mean monthly temperature 
(Tave), and September of the previous year to January (fall/winter) 
mean maximum monthly temperature (Tmax) had the strongest rela
tionship with annual BAI. Evaluation of collinearity retained June- 
September Tmin, June-August PPT, and previous September-January 
Tave and removed previous September-January Tmax.

Evaluation of how the planting site climate impacted annual BAI 
highlighted both linear and quadratic effects (Table 4). Growing season 
precipitation (June-August PPT) was positively associated with BAI in a 
linear form, with annual growth increasing by ~13 mm2 per 1 mm in
crease in growing season precipitation (Fig. 3a; Table 4). Growing sea
son mean minimum temperature (June-September Tmin) exhibited a 
significant quadratic relationship with BAI, with growth declining at 
both low and high summer Tmin extremes (Fig. 3b; Table 4). Mean fall/ 
winter temperature (previous September-January Tave) also showed a 
quadratic relationship, where years with fall/winter temperatures above 
1◦C or below − 1◦C were associated with decreased growth rates 
(Fig. 3c). Overall, the climate variables explained relatively little vari
ation compared to the random effects in the models.

3.5. Relationship Between Performance and Provenance Climate

3.5.1. Univariate Models of Climate Distance and BAI
In provenance-level analyses, only two of the climate distance met

rics produced weak relationships with BAI (Table 5). The quadratic 
model for mean temperature (previous September-January Tave) had a 
lower AIC (AIC = 2127.242) than the linear form (AIC = 2131.638); 
however, the quadratic term was not significant, suggesting little evi
dence for a non-linear response or a clear optimum near climate distance 
= 0. Therefore, the linear form was retained as the best model fit 
(Table 5). The linear model for mean growing season precipitation 
(June-August PPT) had a lower AIC (AIC = 2132.984) than the quadratic 
form (AIC = 2134.895) and was retained as the best model fit (Table 5). 
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Previous September-January Tave showed a weak positive trend with 
average BAI, where trees from warmer winter climates relative to the 
planting site tended to exhibit greater growth, although this relationship 
was marginally non-significant (Fig. 4a). June-August PPT showed a 
significant positive linear relationship with average BAI (Fig. 4b), sug
gesting increased growth in trees from areas with wetter growing sea
sons relative to the planting site.

3.5.2. Climate Clusters vs. Drought Tolerance
Window analysis identified a four-month June to September SPEI− 1 

window as the strongest predictor of annual BAI (R² = 0.435; Fig. 5). 
Using a threshold of ≤ − 0.5 SPEI, we identified multiple drought years 
during the study period; however, 2002 (mean June-September 
SPEI− 1 = − 0.680) represented one of the strongest drought signals, 
provided sufficient growth periods before (1998–2001) and after 
(2003–2006) the drought for analysis, and corresponds to a well- 
documented western U.S. drought event identified among the most se
vere in history (Andreadis et al., 2005). Additionally, in the years 
following the 2002 drought, June-September SPEI− 1 values returned to 
relatively neutral or positive conditions (Fig. 5), thus reducing the 
likelihood that drought response metrics were strongly influenced by 
compound effects from successive drought events. Therefore, we 
selected the 2002 drought for subsequent analyses (Supplementary 
Table 5).

Average resistance to the 2002 drought was below one across climate 
clusters but differed significantly among clusters (Fig. 6), where pop
ulations from warmer climates with wetter growing seasons showed 
significantly greater drought resistance than populations from colder 
climates with drier growing seasons. All other clusters showed inter
mediate resistance values that did not differ significantly. Recovery 
values for all clusters exceeded one, reflecting greater post-drought 
growth rates relative to the drought period (Fig. 6; Supplementary 

Fig. 2. Lodgepole pine climate space characterized by (a) mean annual precipitation (MAP, mm) and mean annual temperature (MAT, ◦C) and (b) June through 
August (growing season) total monthly precipitation and previous September to January (fall/winter) mean monthly temperature used in the climate cluster analysis. 
In both panels, the background hexagonal shading represents the density of climates across the range of Pinus contorta Dougl. var. latifolia Engelm., where darker 
shades indicate greater frequency. This was constructed by extracting ClimateNA data (Wang et al., 2016) from within the variety’s current range, as defined by 
Mathys et al. (2014) and Little (1971). Individual points are colored by the climate cluster of each provenance site, with the black point indicating the Fraser 
Experimental Forest study site.

Table 2 
Survival, DBH, and height were summarized as the mean (± standard error) of 
the provenances belonging to each climate cluster and compared through a se
ries of one-way ANOVAs that identified no significant differences among clusters 
(p > 0.05), as indicated by all clusters sharing the same letter.

Climate cluster Survival (% 
live)

DBH (cm) Height 
(m)

Colder; drier growing season 66.0 (2.9) a 14.3 (0.5) 
a

7.4 (0.2) a

Cooler; wetter growing season 65.8 (5.2) a 14.4 (0.5) 
a

7.9 (0.3) a

Similar temperature; drier growing 
season

64.6 (4.1) a 14.8 (0.4) 
a

7.8 (0.2) a

Warmer; wetter growing season 65.9 (3.0) a 15.4 (1.5) 
a

8.1 (0.8) a

Hotter; wetter growing season 71.7 (6.1) a 15.3 (1.3) 
a

7.6 (0.4) a

Table 3 
Climate variables for Fraser Experimental Forest extracted from ClimateNA 
(Wang et al., 2016) and their optimal windows. The window is the month in
terval best correlated with annual basal area increment from the sliding window 
analysis, with R2 describing the strength of the relationship. Asterisks (*) denote 
months from the year prior to the year of growth.

Variable Description Window R2

Tmin Mean minimum monthly temperature 
(◦C)

June-September 0.728

Tave Mean monthly temperature (◦C) September*- 
January

0.589

Tmax Mean maximum monthly temperature 
(◦C)

September*- 
January

0.385

PPT Total monthly precipitation (mm) June-August 0.357

Table 4 
Summary of final univariate climate models for the annual climate at Fraser Experimental Forest explaining annual basal area increment (BAI, mm²) from 1992 to 
2021, with year and provenance as random effects. p-values of significant variables (p < 0.05) are bolded.

Response Predictor Window Model Est Std error p Marg R2 Cond R2

BAI Tmin 
Tmin2

Jun-Sep Quadratic 698.55 
− 97.63

227.24 
50.04

0.003 
0.005

0.169 0.856

Tave 
Tave2

Sep*-Jan Quadratic − 9.71 
− 110.10

45.94 
33.30

0.836 
0.001

0.229 0.855

PPT Jun-Aug Linear 12.71 3.77 0.001 0.176 0.853
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Table 6). Resilience also differed among climate clusters, with cooler 
populations from wetter growing seasons showing greater resilience 
than colder populations from drier growing seasons (Fig. 6). However, 
across all clusters, mean resilience values exceeded one, indicating that 
populations generally rebounded to pre-drought growth performance in 
the four years following the drought (2003–2006) (Fig. 6; 
Supplementary Table 6).

4. Discussion

Overall, we found that provenance climate explained little variation 
in growth compared to site climate, as observed across survival and field 
growth metrics. However, differences in drought response among 
climate origins suggest that local adaptation may be expressed more 
clearly under climatic stress than under non-limiting site conditions.

4.1. Provenance Influence on Survival and Growth

Analyses of survival and field growth at FEF indicated no significant 
differences among climate clusters for survival, DBH, or height. This 
contrasts previous studies of northern (Canadian) lodgepole pine pop
ulations where McLane et al. (2011) found that provenance climate 
exerted greater control over growth, and Montwé et al. (2016) and 
Ukrainetz et al. (2018) found substantial growth differences between 
populations from contrasting climates. One explanation for our findings 
is that the relatively mild conditions at our study site did not impose 
sufficient climatic stress to cause differential cumulative growth be
tween provenances during most years (Park and Rodgers, 2023). While 
lodgepole pine is generally considered physiologically “conservative” 
across its range (Andrews et al., 2012), it has also been shown to exhibit 
“opportunistic” growth responses during periods of high moisture 

Fig. 3. Effects plots from the univariate linear mixed-effects models of seasonal climate variables at the Fraser Experimental Forest study site during the study period, 
1992–2021. The three plots illustrate how annual basal area increment (BAI, mm²) of each individual tree responded to a) June-August total precipitation, b) June- 
September mean minimum temperature, and c) previous September-January mean temperature. Shaded areas around each line represent the 95% confidence in
terval of the model predictions. Black points show actual data.

Table 5 
Summary of final univariate climate distance (CD) models for the annual relativized 30-year climate of the 34 provenances explaining mean basal area increment (BAI; 
mm²) for the study period, 1992–2021, where provenance is a random effect. p-values of significant variables (p < 0.05) are bolded.

Response Predictor Window Model Est SE p Marg R2 Cond R2

BAI CDTave Sep*-Jan Linear 18.873 9.718 0.054 0.023
CDPPT Jun-Aug Linear 6.319 2.460 0.026 0.051 0.065

Fig. 4. Effects plots from the univariate linear mixed-effects models of climate distance from the Fraser Experimental Forest study site. The two plots illustrate how 
average 30-year provenance basal area increment (BAI; mm²) responds to climate distance differences in a) previous September-January mean temperature, and b) 
June-August average total precipitation. Climate distance predictors are expressed as differences from the Fraser Experimental Forest climate. Shaded areas around 
each line represent the 95% confidence interval of the model predictions and points are colored by the cluster each tree belongs to.
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availability in its northern range (Chhin et al., 2008; McLane et al., 
2011). More broadly, studies in woody plant systems have shown that 
populations originating from climatically variable environments can 
express greater phenotypic plasticity in growth and resource use, 
particularly in water-limited environments (Lázaro-Nogal et al., 2015). 
Together, these patterns may suggest that southern, trailing-edge 
lodgepole pine populations, which often occur in climatically-variable 
environments (DeRose, 2023), may rely more heavily on opportunistic 
growth and site acclimation, potentially reducing the expression of 
provenance-level differences in cumulative growth.

4.2. Growth-Climate Relationships at the Planting Site

Across all provenances, lodgepole pine annual growth at FEF from 
1992 to 2021 was most strongly related to mean monthly temperature 
from the previous fall and winter, with growth declining in years with 
excessively warm or cold temperatures, indicating the presence of a 
temperature optimum. The lagged response observed here indicates that 
growth is impacted by previous-year temperatures, which is consistent 
with previous work showing that lodgepole is influenced by growing 
season climate both from the current year and the year prior (Bigler 
et al., 2007; Case and Peterson, 2007; Chhin et al., 2008). Winter 

conditions from the previous year likely influenced growth through 
several different mechanisms. A colder fall and winter in the year before 
a growing season with extreme cold can damage dormant buds or lead to 
xylem cavitation, both of which can limit growth in the following year 
(Casmey et al., 2022; Park and Rodgers, 2023; Sebastian-Azcona et al., 
2019). In contrast, warmer fall and winter conditions may reduce 
snowpack, thus reducing snow insulation, exposing trees to cold injury 
or contributing to spring soil moisture limitation (Anderegg et al., 2013; 
Gleason et al., 2021; Westerling et al., 2006). Warmer conditions can 
also impact phenological timing, making trees more vulnerable to cold 
injury during transitional weather periods (Aitken et al., 2008; Park and 
Rodgers, 2023).

Growing season minimum monthly temperature also played an 
important role, with greater growth during years with more moderate 
temperatures. Similar responses have been reported in other lodgepole 
pine studies, where maximum growth occurs within a narrow thermal 
band and declines at climatic extremes (Chhin et al., 2008; Villalba 
et al., 1994). These optima-based growth responses indicate the 
importance of investigating responses to climate extremes, rather than 
just means, in the face of climate change (Dannenberg et al., 2019).

In contrast, precipitation had a positive linear relationship with 
growth, wherein greater water availability at the growing site led to 

Fig. 5. Interannual variation in mean June-September SPEI− 1 at the Fraser Experimental Forest study site from 1992 to 2021 and drought selection criteria used in 
this study. The left panel shows results of the climate window selection analysis used to identify the optimal SPEI period for predicting annual basal area increment 
(BAI), with the June-September SPEI− 1 window identified as the strongest predictor (R² = 0.435). The right panel shows annual mean June-September SPEI− 1 
values across the study period. The dashed horizontal line indicates the drought threshold (SPEI ≤ − 0.5). The red point denotes the selected 2002 drought event. 
Shaded regions indicate pre-drought, drought, and post-drought periods used to calculate drought resistance, recovery, and resilience metrics.

Fig. 6. Resistance, recovery, and resilience of 34 sampled lodgepole pine populations grouped and color-coded by climate cluster. Each boxplot represents a climate 
cluster based on previous September-January mean temperature and June-August total precipitation relative to the planting site at Fraser Experimental Forest. 
Letters above each boxplot indicate significance (p < 0.05). Clusters that share the same letter do not differ significantly, while clusters that do not share any letters 
are statistically different.
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greater growth, following the well-established pattern of water avail
ability as a dominant control on lodgepole pine growth (McLane et al., 
2011; Montwé et al., 2016) and plant productivity more broadly 
(Nemani et al., 2003). However, the absence of an observed moisture 
optimum at FEF likely reflects that precipitation during the study period 
did not reach levels sufficient to limit growth, rather than indicating the 
absence of a moisture constraint. Notably, growing season precipitation, 
not winter precipitation or snow, was the most important predictor of 
growth. In southern lodgepole pine populations where growing seasons 
are longer and moisture availability is variable, in-season precipitation 
may play a more important role in sustaining growing activity than 
snow-derived moisture alone (Dye et al., 2022). In addition, our plan
tation site sits in the middle of lodgepole pine’s climatic range in terms 
of growing season precipitation (Fig. 2), such that anomalously wet or 
dry growing seasons were still unlikely to fall outside the climatic 
tolerance of the species as a whole.

4.3. Provenance Influence on Climate Response

Provenance climate had little influence on average BAI growth. 
Provenances from warmer winter climates tended to show slightly 
greater average growth than those from similar or cooler winter climates 
relative to FEF, although this relationship was only marginally signifi
cant. Provenances from wetter growing season climates showed greater 
average growth than those from drier climates, though within- 
population variation remained relatively high. Our findings suggest 
that the influence of provenance on growth is more subtle than what has 
been found for northern lodgepole pine populations (Gray et al., 2016; 
Isaac-Renton et al., 2018; Rehfeldt et al., 1999; Wang et al., 2006).

4.4. Resistance, Recovery, and Resilience to Drought

Analysis of the 2002 drought at FEF revealed some significant dif
ferences in drought response among climate clusters. All provenances 
showed a decrease in growth during the drought event (i.e. resistance <
1). Drought resistance differed significantly among provenances. Trees 
from relatively warmer and wetter climates compared to FEF exhibited 
the greatest resistance and maintained relatively more growth during 
the drought year, while trees from colder and drier source climates 
showed significantly lower resistance. This pattern does not support our 
second hypothesis that trees from drier source climates would exhibit 
greater drought resistance than those from less dry source climates, and 
instead could reflect differences in stress adaptation strategies between 
populations from resource-rich (warm and wet) vs. resource-poor (cold 
and dry) environments (Reinhardt et al., 2011). All remaining climate 
clusters showed a gradient of intermediate resistance values that did not 
differ significantly. These results illustrate that drought resistance at this 
site reflects population-level differences associated with climate of 
origin. Similar patterns have been observed in other conifer systems, 
where drought resistance shows stronger genetic differentiation than 
post-drought recovery, indicating that population-level adaptation may 
be most clearly expressed during the stress event itself 
(Sebastian-Azcona et al., 2025).

Recovery values indicated that all populations showed some capacity 
for increased post-drought growth, suggesting that once favorable 
moisture returned, southern lodgepole pine at FEF were able to resume 
growth regardless of provenance climate. However, resilience varied 
between climate clusters, with cooler and wetter populations returning 
more strongly to pre-drought growth levels than colder and drier pop
ulations. Notably, both extremes in resilience response (highest and 
lowest) occurred in clusters that were similarly cold but differed in 
precipitation. This illustrates that adaptation to provenance precipita
tion regime may play a more important role than temperature in shaping 
post-drought responses at this site. Nearly all trees returned to pre- 
drought growth levels following the drought, as seen in other studies 
(Bigler et al., 2007; Montwé et al., 2016).

While some studies of lodgepole pine and other conifers have found 
tradeoffs between growth and drought resistance, where faster-growing 
populations may exhibit greater drought sensitivity due to patterns in 
resource allocation (Bennett et al., 2015; Choat et al., 2012; McDowell 
et al., 2008), our findings do not support this pattern. Despite weak 
growth differences among provenance groups, populations from warmer 
and wetter climates exhibited greater drought resistance, suggesting 
that drought response strategies in southern lodgepole pine populations 
may not necessarily align with those previously observed in other pop
ulations. In northern lodgepole pine populations, Montwé et al. (2016)
found that their southern populations (with latitudes spanning 42.30◦N 
to 50.97◦N compared to our populations spanning 37.6◦N to 48.3◦N) 
exhibited stronger growth-drought resistance tradeoffs, with greater 
growth under favorable conditions accompanied by greater drought 
sensitivity during the event. While some populations used in both 
studies overlapped in lodgepole pine climate space, in our study, pop
ulations from colder and drier climates showed lower resistance and 
resilience during drought, whereas recovery following drought was 
similar across climate clusters. This could mean that populations from 
less productive environments may reduce growth more readily during 
stress, resulting in overall lower growth rates. From a management 
perspective, these patterns suggest that while seed source might be less 
critical for maximizing growth under favorable conditions, it becomes 
increasingly important as drought frequency and intensity increase 
(Allen et al., 2010; Aitken et al., 2008; Isaac-Renton et al., 2018).

4.5. Management Implications

The results of our study support deliberate, climate-informed seed 
selection for climate adaptation and reforestation efforts in the western 
U.S. For sites with climate conditions comparable to FEF, managers may 
have flexibility in seed selection before facing maladaptation (i.e., 
reduced survival and growth). However, differences in drought resis
tance and resilience among provenances indicate that future reforesta
tion efforts in the face of climate change might consider placing greater 
emphasis on selecting traits related to drought response rather than 
average growth alone (Aitken et al., 2008; Isaac-Renton et al., 2018). 
Our results indicate that seed sources from colder and drier climates 
relative to the planting site may suffer in the future due to their reduced 
growth resistance and resilience to drought. These traits may increase 
vulnerability to future disturbance events, particularly under increas
ingly variable climate conditions (Lloret et al., 2011).

These findings may also support seed sourcing strategies that 
incorporate a mixture of provenances to hedge uncertainty (Bucharova 
et al., 2019; Prakash et al., 2024). Mixing seed sources, or increasing 
heterogeneity, can enhance adaptive capacity by leveraging genetic 
diversity that is typical of natural forests (Bower et al., 2024; Ledig and 
Kitzmiller, 1992). Provenance climate clusters in this study were clas
sified by climate rather than geography, highlighting the value of 
considering more than just geography alone when sourcing seeds for 
FAM plantings in order to sustain lodgepole pine forests under climate 
change. Finally, evidence that drought response traits exhibit genetic 
variation and can be used to identify more resilient genotypes further 
supports the potential for climate-informed seed selection in manage
ment strategies (Sebastian-Azcona et al., 2025).

4.6. Limitations and Future Research

As with many long-term provenance trials, this study is constrained 
by the limitations of field studies. Provenance trials provide valuable 
insights into intraspecific variability and growth-climate relationships, 
however, they cannot fully separate genotypic or phenotypic responses 
from other factors such as microsite effects, soil variation, and compe
tition from other trees (Risk et al., 2021). Additionally, this study is 
limited to a single, high-elevation planting site that sits solidly within 
lodgepole pine’s climatic range and our analysis focused on a single 
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drought event. Further research evaluating the drought response of 
southern lodgepole pine under a more severe drought or at a more 
moisture-limited site could provide additional insights into the water 
stress responses of these populations. As climate projections indicate 
that droughts in the western U.S. will become more frequent and severe 
in the coming decades (Allen et al., 2010), the need to better understand 
how southern lodgepole pine populations respond under greater mois
ture limitations becomes imperative. Combining data from long-term 
field experiments with controlled growth experiments involving tem
perature and moisture manipulations could help clarify whether weak 
provenance effects (like those found in our study) persist under greater 
climatic stress and would help define drought tolerance thresholds 
across seed sources (Aitken and Bemmels, 2015). In addition, while this 
study focused on growth, survival, and drought response, successful 
FAM implementation ultimately depends upon successful reproduction 
and establishment of new generations. Future work evaluating repro
ductive success would improve our understanding of long-term FAM 
outcomes for southern populations of lodgepole pine.

5. Conclusions

Using a long-term provenance experiment, this study provides rare 
insight into how southern lodgepole pine survival, growth, and drought 
responses are shaped both by local climate and provenance climate. The 
weak influence of provenance climate on growth and survival observed 
here highlights the potential flexibility of southern lodgepole pine under 
favorable conditions. However, the provenance-level responses that 
emerged through assessing drought resistance and resilience underscore 
that climate-informed seed selection practices may become increasingly 
important under future climate scenarios characterized by increased 
drought frequency and intensity. As such, approaches based solely on 
geography or fixed seed zones are unlikely to remain effective as our 
climate continues to deviate from historical conditions. While mixing 
provenance seed sources may be appropriate for promoting growth and 
survival under current or mild conditions, our results highlight the risks 
of assuming that drought tolerance is uniform across southern lodgepole 
pine populations. Ultimately, this study contributes to an understudied 
area of lodgepole pine research by focusing on southern populations in 
the western U.S. More long-term studies that capture both mild and 
extreme climatic conditions may be necessary for guiding assisted 
migration strategies that increase forest resilience to current climate 
conditions, as well as to the increasingly variable climate conditions that 
await forests in the future.
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Lázaro-Nogal, A., Matesanz, S., Godoy, A., Pérez-Trautman, F., Gianoli, E., Valladares, F., 
2015. Environmental heterogeneity leads to higher plasticity in dry-edge 
populations of a semi-arid Chilean shrub: insights into climate change responses. 
J. Ecol. 103, 338–350. https://doi.org/10.1111/1365-2745.12372.

Lüdecke, D., Ben-Shachar, M.S., Patil, I., Waggoner, P., Makowski, D., 2021. 
performance: An R Package for Assessment, Comparison and Testing of Statistical 
Models. J. Open. Source Softw. 6, 3139. https://doi.org/10.21105/joss.03139.

Langlet, O., 1971. Two Hundred Years Genecology. Taxon 20, 653–721. https://doi.org/ 
10.2307/1218596.

Larsson, L.A., 2003. CDendro: Cybis Dendro dating program.
Ledig, F.T., Kitzmiller, J.H., 1992. Genetic strategies for reforestation in the face of global 

climate change. For. Ecol. Manag. 50, 153–169. https://doi.org/10.1016/0378-1127 
(92)90321-Y.

Leech, S.M., Lara Almuedo, P., O’Neill, G., 2011. Assisted Migration: Adapting Forest 
Management to a Changing Climate. J. Ecosyst. Manag. 12. https://doi.org/ 
10.22230/jem.2011v12n3a91.

Lenth, R., 2025. emmeans: Estimated Marginal Means, aka Least-Squares Means. 
R. Package Version 1 (11), 2–8. https://doi.org/10.32614/CRAN.package.emmeans.

Liepe, K.J., Hamann, A., Smets, P., Fitzpatrick, C.R., Aitken, S.N., 2016. Adaptation of 
lodgepole pine and interior spruce to climate: implications for reforestation in a 
warming world. Evol. Appl. 9, 409–419. https://doi.org/10.1111/eva.12345.

Little Jr., E.L., 1971. Atlas of United States trees, volume 1, conifers and important 
hardwoods. U.S. Department of Agriculture Miscellaneous Publication, p. 1146, 9 p., 
200 maps. 

Lloret, F., Keeling, E.G., Sala, A., 2011. Components of tree resilience: effects of 
successive low-growth episodes in old ponderosa pine forests. Oikos 120, 
1909–1920. https://doi.org/10.1111/j.1600-0706.2011.19372.x.

Lowery, D.P., 1984. Lodgepole Pine (No. FS-253), An American Wood. Forest Service 
United States Department of Agriculture.

Mathys, A., Coops, N.C., Waring, R.H., 2014. Soil water availability effects on the 
distribution of 20 tree species in western North America. For. Ecol. Manag. 313, 
144–152.

Maxwell, R.S., Larsson, L.A., 2021. Measuring tree-ring widths using the CooRecorder 
software application. Dendrochronologia 67, 125841. https://doi.org/10.1016/j. 
dendro.2021.125841.

Maxwell, S., Wixom, J., Hessl, A., 2011. A comparison of two techniques for measuring 
and crossdating tree rings. Dendrochronologia 29, 237–243. https://doi.org/ 
10.1016/j.dendro.2010.12.002.

McDowell, N., Pockman, W.T., Allen, C.D., Breshears, D.D., Cobb, N., Kolb, T., Plaut, J., 
Sperry, J., West, A., Williams, D.G., Yepez, E.A., 2008. Mechanisms of plant survival 
and mortality during drought: why do some plants survive while others succumb to 
drought? New. Phytol. 178, 719–739. https://doi.org/10.1111/j.1469- 
8137.2008.02436.x.

McLane, S.C., Daniels, L.D., Aitken, S.N., 2011. Climate impacts on lodgepole pine (Pinus 
contorta) radial growth in a provenance experiment. For. Ecol. Manag. 262, 
115–123. https://doi.org/10.1016/j.foreco.2011.03.007.
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