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As forest communities continue to experience interactions between climate change and
shifting disturbance regimes, there is an increased need to link ecological understanding to
applied management. Limber pine (Pinus flexilis James.), an understudied species of western North America, has been documented to dominate harsh environments and thought to
be competitively excluded from mesic environments. An observational study was conducted using the Forest Inventory and Analysis Database (FIAD) to test the competitive
exclusion hypothesis across a broad elevational and geographic area within the Intermountain West, USA. We anticipated that competitive exclusion would result in limber pine’s
absence from mid-elevation forest communities, creating a bi-modal distribution. Using the
FIAD database, limber pine was observed to occur with 22 different overstory species,
which represents a surprising number of the woody, overstory species commonly observed
in the Intermountain West. There were no biologically significant relationships between
measures of annual precipitation, annual temperature, or climatic indices (i.e. Ombrothermic Index) and limber pine dominance. Limber pine was observed to be a consistent component of forest communities across elevation classes. Of the plots that contained limber
pine regeneration, nearly half did not have a live or dead limber pine in the overstory. However, limber pine regeneration was greater in plots with higher limber pine basal area and
higher average annual precipitation. Our results suggest limber pine is an important habitat
generalist, playing more than one functional role in forest communities. Generalists, like limber pine, may be increasingly important, as managers are challenged to build resistance
and resilience to future conditions in western forests. Additional research is needed to
understand how different silvicultural systems can be used to maintain multi-species forest
communities.
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Introduction
Historically forest research was primarily focused on commercially productive species or forest
communities [1]. Forest communities, however, are increasingly being managed for a broader
set of goals and objectives [2]. Nevertheless, there is still relatively limited information on the
forest dynamics of non-commercial systems. An example of these systems includes the high
elevation, five-needle white pine species (the high five) of the middle latitudes of western
North America.
The “high five” includes six species of five-needle white pines, belonging to the Family Pinaceae, Genus Pinus and the subgenus Strobus [3]. They have been grouped together because of
morphological and ecological similarities [4]. Individuals are commonly dominant in harsh
environments at treeline throughout western North America and serve as important keystone
species [5]. They provide valuable wildlife habitat [6], serve as a wildlife food source [7], [8],
influence snow dynamics and the timing of run-off [9], and serve as important symbols of
strength and endurance for mountain visitors [10].
One common way to describe forest communities in the Intermountain West is based on
dominant overstory species at different elevation zones. Compared to most forest regions in
North America, the Intermountain West has limited overstory tree diversity; many of the different forest zones have less than three different overstory species [11]. Common forest zones
from lower to upper elevation in Intermountain West are pinyon-juniper, ponderosa pine,
Douglas-fir, lodgepole pine, spruce-fir, and high elevation 5-needle pines [4].
The high five commonly occur and dominate the highest forest elevation zone. Limber pine
(Pinus flexilis James), can occur and even be the dominant species at both upper and lower
treeline across many of the mountain ranges of western North America [12]. This distribution,
and the associated broad environmental gradient, is presumably reflective of limber pine’s
broad fundamental niche or potential habitat. However, limber pine’s realized niche has been
described as much smaller due to its poor competitive ability [10], [12], [13]; see [14]-[16] for
an alternative. Under moderate environmental conditions in the montane and subalpine forest
zone, limber pine can be described as an early seral species. It may be the first species to establish after stand-replacing disturbances but is outcompeted by conifer species like subalpine fir
(Abies lasiocarpa (Hook.) Nutt.) and Engelmann spruce (Picea engelmannii Parry. ex Engelm.)
[17]–[19]. This can result in limber pine being a minor component of these spruce-fir forests.
It is only on harsh, rocky, xeric sites (centrifugal theory of community organization sensu [20])
where limber pine can form climax communities. Similar patterns of establishment and facilitation have been observed between limber pine and Douglas-fir (Pseudotsuga menziesii (Mirb.)
Franco) at lower elevations [21–23]. Based on this description, limber pine’s functional role
could be described as a stress tolerator with some ruderal qualities [24], [25].
Limber pine is being negatively impacted by interactions between mountain pine beetle
(Dendroctonus ponderosae Hopkins), white pine blister rust (Cronartium ribicola J. C. Fisch. ex
Rabenh.), and changing climatic conditions [26]. Researchers have observed some levels of
resistance to mountain pine beetle and white pine blister [27], [28]. However, a better understanding is needed of the functional role of limber pine in forest communities to aid the management and restoration of this species.
Limber pine has been described as being competitively excluded from more moderate environmental conditions, creating a bi-modal distribution [17], [18], [29–31]. However, this competitive exclusion hypothesis has not been thoroughly examined across limber pine’s broad
elevational and geographic distribution. To explore the competitive exclusion hypothesis, data
from the Forest Inventory and Analysis Database (FIAD) were used to examine the relationship between limber pine and environmental variables. Our expectation was that limber pine
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would have a bi-modal distribution with peaks of dominance at higher and lower elevations.
Additionally, we expected limber pine dominance would be strongly correlated to environmental variables (temperature, precipitation) and climatic indices. Previous studies on limber pine
dynamics have used purposive sampling with a narrowly defined geographic range and/or
stand structure [15], [18], [32], [33]. The FIAD is representative of stand conditions across the
United States, allowing us to quantify the functional role of limber pine in forest communities
across a broad regional and elevational range. This increased understanding will be important
as natural resource managers focus on building resistance and resilience to current and future
forest threats.

Methods
Study area
The Intermountain West encompasses Montana, Idaho, Nevada, Utah, Wyoming, Colorado,
New Mexico, and Arizona. Across these eight states, there are many diverse ecosystems including numerous mountain ranges, shrub steppes, and deserts. The major ecoregions that were
the focus of this study were the Southern Rocky Mountain Steppe, Middle Rocky Mountain
Steppe, Northern Rocky Mountain Forest- Steppe, and the Nevada–Utah Mountain Semidesert
[34].
The climate of the Intermountain West is arid (< 250 mm/yr precipitation) to semi-arid
(250–500 mm/yr precipitation) with higher elevations receiving more than 1200 mm/yr of
annual precipitation due to orographic uplift [35], [36]. The majority of precipitation falls as
winter snow but in the southern portions (New Mexico, Arizona, southern Utah, and southern
Colorado) the North American Monsoon provides important summer precipitation [37].
Yearly precipitation can be highly variable, resulting in both high and low precipitation years
[38]. Additionally, local, small-scale physiographic features (i.e. aspect, elevation, and slope)
create high variability in moisture patterns [38], [39].

Study design
A query of the Forest Inventory and Analysis Database (FIADB) in 2013 located all FIA plots
containing limber pine in the overstory and regeneration layer within the Intermountain West.
The current FIA sampling design is approximately 0.067 ha and includes four 7.32 m radius
subplots. On each subplot, overstory trees greater than 12.7 cm at dbh (diameter at breast
height) were measured. Each subplot contains a 13.5 m2 circular microplot where saplings,
trees between 2.4 cm and 12.7 cm dbh, and seedlings, trees less than 2.4 cm dbh, were measured. Only Phase 2 data were used in analysis. Additional data are collected in Phase 3 plots,
including soil attributes, but this collection is done on only a subset of Phase 2 plots (approximately 1/16th), greatly reducing our sample size. O’Connell and colleagues [40] provide additional details on the sample design. Some states were in the process of beginning their second
round of annual inventories resulting in two years of data. The most recent sampling year was
used so there were no repeated measurements within the dataset.
The data were separated by overstory and regenerating trees. Overstory trees were defined
as limber pine with a dbh greater than 2.54 cm. Live and dead trees were recorded for all
trees  12.7 cm in dbh; for trees between 2.54 and 12.7 cm only live trees were recorded.
Regenerating limber pine trees were any individuals less than 2.54 cm in dbh but greater than
15.24 cm in height and only recorded if alive.
For a plot to be included in the final data set, plots could only have one condition class; forest conditions are defined as distinct changes in vegetation cover or changes in land management boundaries [40]. Multiple condition classes were excluded since determining boundaries
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between conditions in the field can be difficult and multiple conditions across the subplots
increase the complexity of analysis, potentially increasing errors. Additionally, plots needed to
be associated with long-term climate data from the PRISM climate database [41]. This resulted
in a total of 841 plots with limber pine present in either the overstory or regeneration layer. Of
these plots, the majority, 673 plots, had limber pine present in the overstory with only 28%
(191 plots) containing limber pine in the regeneration layer. There were an additional 168
plots that only contained regenerating limber pine. This low percentage of plots with limber
pine regeneration may be due to sampling design; seedlings are only measured in the microplot. Seedlings may be present in the subplot but are not recorded if they fall outside of the
microplot, resulting in fewer plots with limber pine regeneration.

Statistics
Descriptive statistics of stand, site, and environmental variables were calculated using both the
PRISM and FIADB databases. Overstory stand density metrics were expanded to trees per
hectare (tph) and basal area per hectare (m2ha-1); the regeneration layer was also expanded to
tph. Two climatic indices were calculated: Aridity Index [42] and the Ombrothermic Index
[43]. The Aridity Index (Am) is calculated using mean annual temperature and precipitation
values.

Am ¼

P
ðTþ10Þ

P ¼ annual precipitation ðcmÞ
T ¼ annual mean temperature ð CÞ
The Ombrothermic Index (OI) takes into account length of the growing season by utilizing
temperature and precipitation values for months where the average temperatures are above
0°C.

OI ¼

Pp
Tp

!
 10

Pp ¼ total average precipitation of months where average temperature is greater than 0 C
Tp ¼ sum of monthly average temperature of months where average temperature is greater than 0 C

Mean OI values for common forest types across the Intermountain West range from values
in the 20’s to values around 100 [44]. Our data set captures the range of potential OI values
across the Intermountain West. Since sites occurred across a wide latitudinal range (35.2° –
48.9°), an elevation correction (EC) was used. A value of 129.4 m was added for every 1° difference from the minimum latitude [45]. Figures and table detail when elevation values were corrected or uncorrected.
To assess the competitive exclusion hypothesis, linear regression was used to explore the
relationships between environmental variables, climate indices, and limber pine density and
dominance. To further explore the dataset, additional standardization was done for composition due to the wide range of total plot basal area. Percent composition was the basal area of
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the individual species divided by the total plot basal area multiplied by 100. Percent limber
pine basal area was grouped into three classes: minor (<25% limber pine), moderate (25–75%
limber pine), and major (>75% limber pine). Average yearly precipitation was also grouped
into three classes: < 400 mm, which is characteristic of the average yearly precipitation for pinyon-juniper woodlands [46]; 400–900 mm, which is characteristic of the average yearly precipitation for mid-elevation forests [47]; and > 900 mm, which is characteristic of average yearly
precipitation for spruce-fir forests [48]. Stand age and elevation were also categorized and represent stages of stand develop and broad forest zones, respectively.
To further explore the competitive exclusion hypothesis, a subset of data, plots with average
annual precipitation between 400–900 mm and stands ages between 101–250, was used to
explore potential differences in limber pine forest dynamics. This subset of data was used since
limber pine has been described as being competitively excluded under moderate environmental
conditions [17]-[19]. Using 5 cm diameter classes, diameter distributions with average basal
area per hectare (m2ha-1) were created for each limber pine dominance class.
Conditional interference trees with program ctree [49] in the statistical program R were
used to explore the relationship between environmental variables (average yearly precipitation,
average yearly temperature), stand variables (total overstory basal area, limber pine basal area,
percent limber pine), and limber pine regeneration.

Results
Limber pine distribution & dominance
Across the Intermountain West, overstory limber pine was observed across a wide range of
environmental conditions and a broad geographic area (Table 1; Fig 1). Limber pine overstory
dominance had low correlation (R2 < 5%) with the Ombrothermic Index (OI) (Fig 2). Average
OI values for common forest types in the Intermountain West range from 20 for pinyon-juniper to 100 for spruce-fir [44]. Low correlations between limber pine overstory dominance and
measures of average annual precipitation and temperature and the aridity index were also
observed.
Limber pine was observed to occur with twenty-two different overstory species and was
observed, on average, to be a consistent component in the overstory across broad elevational
classes when present on FIA plots (Fig 3). Many tree species, especially those typically
restricted to lower or upper elevations (i.e. Rocky Mountain juniper (Juniperus scopulorum
Sarg.) and Engelmann spruce), were not present in all the elevation classes. Only a few species,
including limber pine, Douglas-fir, and aspen (Populus tremuloides Michx.) occurred across all
elevation classes in stands that contained limber pine. Douglas-fir displayed a uni-modal distribution, with dominance peaking in the mid-elevation classes and decreasing in both lower and
Table 1. Descriptive statistics for plots containing overstory limber pine (> 2.54 cm dbh) across the Intermountain West.
Total basal Total limber pine Live limber pine Dead limber pine
Percent
area (m2ha-1)
basal area
basal area
basal area
limber pine
(m2ha-1)
(m2ha-1)
(m2ha-1)

Elevation*
(m)

Yearly
precipitation
(mm)

Yearly
temperature (C°)

Average

28.3

4.9

3.4

1.4

21.8

2497.9

624.6

4.1

Standard
error

0.6

0.3

0.2

0.1

1.0

18.7

7.6

0.1

Minimum

0.2

0.1

0.0

0.0

0.3

1177.4

264.0

-3.0

Maximum

117.7

43.9

39.2

31.9

100.0

3547.0

1767.0

10.0

*Uncorrected elevations were used.
doi:10.1371/journal.pone.0160324.t001
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Fig 1. Map of limber pine FIA sampling locations across the Intermountain West.
doi:10.1371/journal.pone.0160324.g001

upper elevation classes when co-occurring with limber pine. However, limber pine dominance
displayed neither a uni-modal nor bi-modal distribution. Dominance, measured as percent of
stand basal, ranged from 14–19% in all elevation classes except for the highest class (> 3751 m)
where it was 29%. Aspen also displayed a relatively consistent distribution of ~5% of the basal
area in stands with limber pine.
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Fig 2. The relationship between limber pine dominance and the Ombrothermic Index (OI). OI represents important
growing season conditions with lower values representing conditions that are warmer and drier and higher values
representing cooler, moister conditions.
doi:10.1371/journal.pone.0160324.g002

Diameter distributions
A subset of the data was used to further explore the competitive exclusion hypothesis; this subset includes plots with a stand age between 101–250 years that received between 400 and 900
mm of annual precipitation. This subset represents approximately 42% (286 plots) of the data.
The majority of this subset of data (219) had limber pine as a minor component of the stand,
composing less than 25% of the overstory basal area. Limber pine was a major component,
greater than 75% of the overstory basal area, in 10 plots; 57 plots had limber pine as a moderate
component (25–75%).
Total live basal area for all species was remarkably similar between stands with minor, moderate, and major limber pine dominance (Fig 4). In all three instances, limber pine was
observed across the majority of the diameter classes. Additionally, all three dominance classes
had limber pine in the smallest diameter classes (<12.6 cm dbh), reflecting recruitment of limber pine regeneration.

Limber pine regeneration
Limber pine regeneration was observed under similar environmental conditions as overstory
limber pines. Across all plots with limber pine regeneration, average density was 645 tph with a
standard error of 62 tph. The maximum regeneration density was 16,850 tph; this plot was
excluded from future analysis. There were weak but significant positive relationships between
limber pine regeneration density and total yearly precipitation (p<0.001) and live limber pine
basal area (p = 0.02). There was no relationship between average July precipitation, average
July temperature, or yearly average temperature with limber pine regeneration.
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Fig 3. Percent basal area of the most abundant species by elevation class. Latitudinally corrected elevation (EC) was used. Species are coded based
on the first two letters of the genus and species. A total of 22 unique overstory species were observed with the other category represents species with less
than <5% basal area by elevation class. Percent basal area includes live overstory (>2.54 cm dbh) trees. Species codes: PIPO = Pinus ponderosa; PSME =
Pseudotsuga menziesii; PIFL = Pinus flexilis; JUSC = Juniperus scopulorum; ABCO = Abies concolor; POTR = Populus tremuloides; PIEN = Picea
engelmannii; ABLA = Abies lasiocarpa; PICO = Pinus contorta.
doi:10.1371/journal.pone.0160324.g003

By using a conditional inference tree, a more informative relationship was observed between
limber pine regeneration and average annual precipitation and limber pine overstory basal area
(Fig 5). Limber pine overstory basal area and yearly precipitation were important predictors of
limber pine regeneration. On average, there was lower limber pine regeneration in plots with
yearly precipitation under 632 mm (F1,356 = 19.4; p<0.001). Plots with less precipitation on
average had 513 tph of limber pine compared to 792 tph on higher precipitation sites (Fig 5A).
On sites with higher precipitation (> 632 mm), limber pine regeneration was greater when limber pine basal area was greater than 8.21 m2ha-1 (F1,168 = 5.3; p = 0.021). When limber pine
basal area was lower, limber pine regeneration averaged 707 tph compared to 1336 tph under
higher limber pine basal (Fig 5B).

Discussion
Limber pine is commonly described as having a broad ecological amplitude. However, our
study is one of the first to document general trends in limber pine stand dynamics across its
broad geographic and elevational range. Limber pine dominant communities (>75% of the
total basal area) can occur across all age classes and over a range of annual average temperatures and precipitation values. Overstory limber pine dominance was not strongly correlated
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Fig 4. Diameter distributions for limber pine plots with a stand age between 101–250 years and average yearly precipitation
between 400–900 mm broken up by average percent limber pine. A) Minor limber pine composition (<25% of the basal area); B)
Moderate percent limber pine composition (25–75% of the basal area); and C) Major percent limber pine (>75% of the basal area).
doi:10.1371/journal.pone.0160324.g004
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Fig 5. Average density of limber pine less than 2.54 cm in dbh across the Intermountain West. Using a
conditional inference trees significant splits occurred based on average yearly precipitation and limber pine basal
area per hectare. A) The first significant split (p<0.001) was on plots with greater than 632 mm and those less than
or equal to 632 mm of average yearly precipitation. B) Of the 170 plots with greater than 632 mm of average yearly
precipitation, a second significant split (p = 0.021) occurred based on limber pine basal area. Letters represent
significant differences. Errors bars represent stand errors. N is the total number of plots in each of the bars. One
plot with greater than 10,000 regenerating limber pine per hectare was excluded from this analysis.
doi:10.1371/journal.pone.0160324.g005

with climatic variables or indices. For example, the Ombrothermic Index (OI), a measure of
growing season available moisture, was not related to limber pine dominance neither was limber pine dominance restricted to drier sites that are present at lower and upper treeline (lower
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OI values) (Fig 2). Additionally, limber pine overstory dominance did not follow the expected
bi-modal distribution suggestive of competitive exclusion from mid-elevations. Rather, it had a
flat distribution and was a consistent component (14–29% of stand basal area) of forest communities across broad elevation classes (Fig 3). Other species did vary in their dominance
across the elevation classes. These elevation classes broadly capture forest zones in the Intermountain West [4]. Limber pine was observed to occur in all of these forest zones and was a
consistent component, interacting with species with widely different silvics [50]. While, plants
do not respond directly to elevation, elevation is associated with important changes in temperature and precipitation in the mountainous regions [51–53].
Some limitations of our results include the lack of localized physiographic patterns or soil
substrate and moisture holding capacity that greatly influences individual and stand growth.
Additionally, the data used for this study only looked at plots that contained limber pine. Overstory dominance of all overstory species, including limber pine, would change if all FIAD plots
were included in this analysis and would likely result in figures developed by Peet [4]. The use
of the national FIAD reflects an unbiased estimate of the relative distribution of limber pine on
the landscape [54]. Allowing our study to broadly characterize the relationship between limber
pine dominance and environmental variables.
Our hypothesized description of limber pine as a poor competitor with a narrow realized
niche highlights the lack of understanding of important aspects of stand dynamics for this species. The majority of plots with overstory limber pine received moderate (400–900 mm) to
high (> 900 mm) average annual precipitation. Plots spanned a range of successional stages,
forest conditions, and locations [55]. This was an observational study; density and environmental variables were not controlled or manipulated. Therefore, our results cannot elucidate
the exact mechanisms or variables that define the realized niche of limber pine.
Contrary to our expectation of limber pine having a bi-modal distribution where it was
competitively excluded under more mesic conditions, limber pine was observed to be generalist
[14]-[16]. Limber pine’s distribution has many similarities to a well-studied generalist, aspen.
Aspen also did not follow a uni-modal or bi-modal distribution but was a consistent component (~5% of stand basal area) across elevation classes where limber pine was observed. Across
the Intermountain West, aspen occurs as a minor to major component of forest communities
from lower to upper tree line, very similar to limber pine [56]. Aspen’s functional role, once
thought to be essentially limited to that of a disturbance dependent, poor competitor, has been
expanded and is thought to be more complex [57].
Our ecological understanding of limber pine is also currently expanding. This expansion
suggests that limber pine may play more than one functional role (stress tolerator) in forest
communities in the Intermountain West. Based on our observations, we propose three functional types for limber pine: dominant self-replacing; mixed-species; and invading. Limber
pine dominant self-replacing communities generally have low diversity and lower density; this
functional type is representative of the conventional view of limber pine communities. In
mixed-species communities, limber pine adds species and structural diversity to a variety of
forest communities across a wide range of environmental and stand conditions. This added
diversity may increase forest resilience. Very little information is known about the role limber
pine plays when it is a minor component. Finally, the invading limber functional type highlights the dispersal ability of limber pine; many plots with limber pine regeneration did not
have live limber trees present in the overstory.
Limber pine seeds are dispersed by multiple species including the Clark’s nutcracker [58],
[59]. Clark’s nutcracker can cache seeds more than 20 km from the source tree. Other common
tree species of the montane and subalpine forest zones, e.g., lodgepole pine, Engelmann spruce,
and ponderosa pine (Pinus ponderosa Dougl. ex Laws.), have very limited long distance seed
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dispersal; over 80% the seeds of these species fall within 75 m of the parent tree [60]. The
Clark’s nutcracker prefers to cache seeds on windswept ridges and areas with early spring
ground exposure but cache sites can occur in many different microenvironments [12], [58].
The mutualistic relationship between the bird and tree greatly influences the stand dynamics
and structure. The timing and species of seeds arriving to a recently disturbed site has been
shown to greatly influence composition [61]. Chance dispersals combined with limber pine’s
broad ecological amplitude may be why we found low correlations between environmental variables or indices and limber pine overstory dominance.
However, we did observe a relationship between limber pine regeneration and limber pine
basal area and average annual precipitation (Fig 5). Greater limber pine regeneration was associated with both greater average annual precipitation and greater limber pine basal area. Our
results are consistent with other recent studies, which observed a negative relationship between
moisture stress and limber pine regeneration [33], [62–64]. The link between moisture stress
and decreased regeneration success relates to the fundamental ecology and the applied management of this species [65]. It also highlights important differences between the regeneration
niche of seedlings and saplings and the realized niche of overstory limber pine. Shifts in environmental requirements during different life stages, especially for long-lived individuals like
trees, are common [66], [67]. Environmental requirements are generally characterized based
on mature, overstory individuals; however, during the seedling and sapling stage the species
may be more sensitive to environmental conditions [68]. As climatic conditions continue to
shift, it will be important to account for differing environmental requirements of seedlings,
saplings, and overstory individuals to ensure continued forest cover.
An additional concern in western forests is insect outbreaks. Many forests types are
experiencing large insect outbreaks including spruce beetle (Dendroctonus rufipennis) in
spruce-fir forests, pinyon pine beetle (Ips confuses) in pinyon-juniper woodlands, Douglas-fir
beetle (Dendroctonus pseudotsugae) in Douglas-fir forests, western spruce budworm (Choristoneura occidentalis) in numerous species commonly occurring in the montane and subalpine
forest zones, and mountain pine beetle in pine forests [69]. For all of these insects except the
mountain pine beetle, limber pine is not a host species and its presence may increase stand
resistance and resilience to impacts from insect outbreaks [70]. In some systems, the presence
of limber pine may limit the severity of a potential insect outbreak (associational resistance
[71–73]) or in the event of an outbreak, maintain live forest cover and/or facilitate the re-establishment of forest cover after an outbreak (resilience).
Resistance and resilience of limber pine may be more limited in areas highly impacted by
the invasive white pine blister rust (Cronartium ribicola J. C. Fisch. ex Rabenh.). White pine
blister rust has been shown to be one of many factors which increase selection by the mountain
pine beetle in whitebark pine [74]. However, the Cr4 allele, associated with blister rust resistance, has been identified in some populations of limber pine [75]. Additional, research is
needed on the complex interactions between forest health, disturbance dynamics, and climate
change in limber pine and other five needle pines [76].
Limber pine, while often a minor component of overstory species composition, likely has a
disproportionately large impact on forest communities in the Intermountain West. As both a
minor and major component of different forest communities, limber pine may be extremely
important as forest managers focus on increasing resistance and resilience to climate change
[70], [77]. This study documented the basic forest dynamics and amplitude of limber pine
across a broad geographic and elevation gradient. Limber pine was observed to occur from
lower to upper treeline in a variety of different forest community types, supporting the description of limber pine as a generalist. This shift in our understanding of limber pine’s functional
roles will be important for natural resource managers to incorporate into management
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planning. As forests are impacted by interactions between climate change and disturbance
regimes, managers will be challenged to maintain resistance and/or increase resilience in these
systems. The presence of a generalist like limber pine will offer managers flexibility in an uncertainty future.

Acknowledgments
Data were collected by USDA Forest Inventory and Analysis (FIA) Program. John Shaw, R.
Justin DeRose, and other members of the Interior West Resource Inventory Team, RMRS
Ogden provided advice on data analysis. Barbara Bentz, Sara Geoking, R. Doug Ramsey, and
Kari Veblen provided valuable comments on earlier versions of the manuscript. Approved as
Utah Agricultural Experiment Station journal number 8869.

Author Contributions
Conceptualization: MAW JNL.
Formal analysis: MAW JNL.
Funding acquisition: MAW JNL.
Investigation: MAW JNL.
Methodology: MAW JNL.
Resources: MAW JNL.
Supervision: JNL.
Visualization: MAW.
Writing - original draft: MAW JNL.
Writing - review & editing: MAW JNL.

References
1.

Carmean W. H. Forest site quality evaluation in the United States. In: Brady NC, editors. Advances in
Agronomy, Volume 27 New York: Academic Press, Inc. New York; 1975.

2.

Janowiak MK, Swanston CW, Nagel LM, Brandt LA, Butler PR, Handler SD, et al. A practical approach
for translating climate change adaptation principles into forest management actions. J Forest. 2014;
112: 424–433.

3.

Tomback DF, Achuff P, Schoettle AW, Schwandt JW, Mastrogiuseppe RJ. The Magnificent High-Elevation Five-Needle White Pines: Ecological Roles and Future Outlook. In: Keane RE, Tomback DF,
Murray MP, Smith CM, editors. The future of high-elevation, five-needle white pines in Western North
America: Proceedings of the High Five Symposium. Fort Collins: U.S. Department of Agriculture Forest Service; 2011 pp. 2–28.

4.

Peet RK. Forests and meadows of the Rocky Mountains 2nd ed. In: Barbour MG, Billings WD, editors.
North American Terrestrial Vegetation. Cambridge: University of Cambridge; 2000. pp. 75–122.

5.

Keane RE, Tomback DF, Murray MP, Smith CM. The future of high-elevation, five-needle white pines in
Western North America: Proceedings of the High Five Symposium; 2010 June 28–30; Montana, USA.
Fort Collins: U.S. Department of Agriculture Forest Service.

6.

Tomback DF, Kendall KC. Rocky Road in the Rockies: Challenges to Biodiversity. In: Barson JS, editors. Rocky Mountain Futures: An Ecological Perspective. Washington, D.C.: Island Press; 2001. pp.
153–180.

7.

Kendall KC. Use of pine nuts by black and grizzly bears in the Yellowstone area. IBA. 1983; 5: 166–
173.

8.

McCutchen H.E. (1996) Limber pine and bears. Great Basin Nat. 1996; 56: 90–92.

PLOS ONE | DOI:10.1371/journal.pone.0160324 August 30, 2016

13 / 16

Limber Pine Stand Dynamics

9.

Logan JA, Powell JA. Ghost forests, global warming, and the mountain pine beetle (Coleoptra: Scolytidae). Am J Ent. 2001; 47: 160–172.

10.

Tomback DF, Achuff P. Blister rust and western forest biodiversity: ecology, values, and outlook for
white pines. For Pathol. 2010; 40: 186–225.

11.

Peet RK. Forest vegetation of the Colorado Front Range: Patterns of species diversity. Vegetatio.
1987; 37: 65–78.

12.

Steele R. Pinus flexilis James Limber pine. In: Burns RM, Honkala BH, editors. Silvics of North America,
Conifers. Washington, DC: USDA Forest Service; 1990. pp. 348–354.

13.

Schoettle AW. Ecological roles of five-needle pines in Colorado: potential consequences of their loss.
In: Sniezko RA, Samman S, Schlarbaum SE, Howard BE, editors. Breeding and Genetic Resources of
Five-needle Pines: Growth, Adaptability and Pest Resistance. Fort Collins: U.S. Department of Agriculture, Forest Service; 2004. pp.124–135.

14.

Jørgensen S, Hamrick JL, Wells PV. Regional patterns of genetic diversity in Pinus flexilis (Pinaceae)
reveal complex species history. Am J Bot. 2002; 89: 792–800. doi: 10.3732/ajb.89.5.792 PMID:
21665679

15.

Schoettle AW, Rochelle SC. Morphological variation of Pinus flexilis (Pinaceae), a bird-dispersed pine,
across a range of elevation. Am J Bot. 2000; 87: 1797–1806. PMID: 11118417

16.

Schuster WSF, Mitton JB. Paternity and gene dispersal in limber pine (Pinus flexilis James). Heredity.
2000; 84: 348–361. PMID: 10762405

17.

Veblen TT. Age and size structure of subalpine forests in Colorado Front Range. J Torrey Bot
Soc.1986; 113: 225–240.

18.

Rebertus AJ, Burns BR, Veblen TT. Stand dynamics of Pinus flexilis-dominated subalpine forests in the
Colorado Front Range. J Veg Sci. 1991; 2: 445–458.

19.

Donnegan JA, Rebertus AJ. Rates and mechanisms of subalpine forest succession along an environmental gradient. Ecology 1999; 80:1370–1384.

20.

Keddy PA, MacLellan P. Centrifugal organization in forests. Oikos. 1990: 59: 75–84.

21.

Baumeister D., Callaway RM. Facilitation by Pinus flexilis during succession: A hierarchy of mechanisms benefits other plant species. Ecology 2006; 87: 1816–1830. PMID: 16922330

22.

Means R.E. Synthesis of lower treeline limber pine (Pinus flexilis) woodland knowledge, research
needs, and management consideration. In Keane RE, Tomback DF, Murray MP, Smith CM, editors.
The Future of High-elevation, Five-needle White Pines in Western North America. Fort Collins: U.S.
Department of Agriculture, Forest Service; 2011. pp. 47–50.

23.

Knight DH, Hill RJ, Harrison, A.T. Potential natural landmarks in the Wyoming Basin: Terrestrial and
Aquatic Ecosystems. Report to The U.S. Department of Interior, National Park Service; 1976 University
of Wyoming, Laramie WY.

24.

Grime JP. The C-S-R model of primary plant strategies–Origins, implications, and tests. In Gottlieb LD,
Jain SL, editors. Plant Evolutionary Biology. New York: Chapman and Hall Ltd.;1988. pp. 371–393.

25.

Knowles P, Grant MC. Age and size structure analyses of Engelmann spruce, ponderosa pine, lodgepole pine, and limber pine in Colorado. Ecology 1983; 64: 1–9.

26.

Johnson DW, Jacobi WR. First report of white pine blister rust in Colorado. Plant Dis. 2000: 84; 595.

27.

Ferrenberg S, Kane JM, Mitton JB. Resin duct characteristics associated with tree resistance to bark
beetles across lodgepole and limber pine. Oecol. 2014; 174: 1283–1292.

28.

Schoettle AW, Sniezko RA, Kegely A, Burns KS. White pine blister rust resistance in limber pine: Evidence for a major gene. Genet Res. 2014; 104: 163–173.

29.

Cary M. Life zone investigations in Wyoming. North American Fauna. 1917; 1–95.

30.

Daubenmire RF. Vegetational zonation in the Rocky Mountains. Bot. Rev. 1943: 9; 325–393.

31.

Reed RM. Forest habitat types of the Wind River Mountains, Wyoming. Am. Midl. Nat. 1976; 95: 159–
173.

32.

Millar CI, Westfall RD, Delany DL. Response of high-elevation limber pine (Pinus flexilis) to multiyear
droughts and 20th-century warming, Sierra Nevada, California, USA. Can J Forest Res. 2007; 37:
2508–2520.

33.

Millar CI, Westfall RD, Delany DL, Flint AL, Flint LE. Recruitment patterns and growth of high-elevation
pines in response to climatic variability (1883–2013), western Great Basin, USA. Can J Forest Res.
2015; 45: 1299–1312.

34.

Bailey R.G. Ecoregions: The Ecosystems Geography of the Ocean and Continents, 2nd ed. New York:
Springer-Verlag New York; 1998.

PLOS ONE | DOI:10.1371/journal.pone.0160324 August 30, 2016

14 / 16

Limber Pine Stand Dynamics

35.

Knapp PA. Spatial characteristics of regional wildfire frequencies in Intermountain West grass dominated communities. Prof. Geogr. 1997; 49: 39–51.

36.

Gillies RR, Ramsey RD. Climate of Utah. In Banner RE, Baldwind BD, Leydsman-McGinty EI, editors.
Rangelands Resources of Utah. Logan: Utah State University Cooperative Extension Services; 2009.
Pp. 39–45.

37.

Wise EK. Hydroclimatology of the US Intermountain West. Prog Phys Geogr. 2012; 36: 458–479.

38.

Wang SY, Gillies RR, Jin J. Hipps LE. Recent rainfall cycle in the Intermountain Region as a quadrature
amplitude modulation from the Pacific decadal oscillation. Geophys Res Lett. 2009; 36: L02705

39.

Mock CJ. Climate controls and spatial variations of precipitation in the western United States. J Clim.
1996; 9: 1111–1125.

40.

O’Connell BM, LaPoint EB, Turner JA, Ridley T, Pugh CA, Wilson AM, et al. The Forest Inventory and
Analysis Database: Database description and user guide version 6.0.2 for Phase 2. USDA, Forest Service. 2015. Available: http://www.fia.fs.fed.us/library/database‐documentation/.

41.

PRISM Climate Group. 30-Year Normals. 2004; Available: http://prism.oregonstate.edu.

42.

de Martonne E. Une nouvelle fanction climatologique: l’indiced’aridité. La Météorologie, 1926; 2: 449–
458.

43.

Rivas-Martínez S. Global bioclimatics. Madrid, Spain; 2004.

44.

Garbarino M, Marzano R, Shaw JD, Long JN. Environmental drivers of deadwood dynamics in woodlands and forests. Ecosphere. 2015; 6: 1–24.

45.

Bentz BJ, Vandygriff J, Jensen C, Coleman T, Maloney P, Smith S, et al. Mountain pine beetle voltinism
and life history characteristics across latitudinal and elevational gradients in the western United States.
Forest Sci. 2014; 60: 434–449.

46.

Romme WH, Allen CD, Bailey JD, Baker WL, Bestelmeyer BT, Brown PM, et al. (2009) Historical and
modern disturbance regimes, stand structure, and landscape dynamics in Piñon-Juniper vegetation of
the western United States. Rangeland Ecol Manage. 2009; 62: 203–22.

47.

Hadley KS, Veblen TT. Stand response to western spruce budworm and Douglas-fir bark beetle outbreaks, Colorado Front Range. Can J Forest Res. 1993; 23: 479–491.

48.

Hart GE, Lomas DA. Effects of clearcutting on soil water depletion in an Engelmann spruce stand. Wat
Resour Res. 1979; 6: 1598–1602.

49.

Horthorn T, Hornik K, Zeileis A. Unbiased recursive partitioning: A conditional inference framework. J
Comput Graph. Stat. 2006: 15; 651–674.

50.

Burns, R. M., Honkala, B.H. Silvics of North America: 1. Conifers; 2. Hardwoods. Washington, D.C.: U.
S. Department of Agriculture; 1990.

51.

Whittaker RH. Vegetation of the great smoky mountains. Ecol Monogr. 1965; 26: 1–80.

52.

Lomolino MARK. Elevation gradients of species‐density: historical and prospective views. Glob Ecol
Biogeogr. 2001: 10, 3–13.

53.

Sanders NJ, Rahbek C. The patterns and causes of elevational diversity gradients. Ecography. 2012;
35: 1–3.

54.

Bechtold, WA, Patterson, PL. The enhanced forest inventory and analysis program: national sampling
design and estimation procedures. US Department of Agriculture Forest Service, Southern Research
Station; 2005 Gen. Tech. Rep. SRS-80.

55.

Oliver CD, Larson BC. Forest Stand Dynamics. New York: McGraw-Hill; 1996.

56.

Debyle NV, Winokur RP. Aspen: Ecology and management in the western United States. US Department of Agriculture Forest Service; 1985 Gen. Tech. Rep. RM-119

57.

Rogers PC, Landhäusser SM, Pinno BD, Ryel RJ. A functional framework for improved management of
Western North America Aspen (Populus tremuloides Michx.). Forest Sci. 2014; 60: 345–359.

58.

Tomback DF, Linhart YB. The evolution of bird-dispersed pines. Evol Ecol. 1990; 4: 185–219.

59.

Tomback DF, Schoettle AW, Chevalier KE, Jones CA. Life on the edge for limber pine: Seed dispersal
within a peripheral population. Ecoscience. 2005; 12: 519–529.

60.

McCaughey WW, Schmidt WC, Shearer RC. Seed-dispersal characteristics of conifers in the inland
mountain west. In: Sheater RC, editors. Conifer Tree Seed in the Inland Mountain West Symposium.
Ogden: United States Forest Service; 1986. pp. 50–62.

61.

Myers JA, Harms KE. Seed arrival and ecological filters interact to assemble high-diversity plant communities. Ecology 2011; 92: 676–686. PMID: 21608476

PLOS ONE | DOI:10.1371/journal.pone.0160324 August 30, 2016

15 / 16

Limber Pine Stand Dynamics

62.

Letts MG, Nakonechny KN, van Gaalen KE, Smith CM. Physiological acclimation of Pinus flexilis to
drought stress on contrasting slope aspects in Wateron Lake National Park, Alberta, Canada. Can J
Forest Res., 2009; 81; 1425–1436.

63.

Moyes AB, Castanha C, Germino MJ, Kueppers LM. Warming and the dependence of limber pine
(Pinus flexilis) establishment on summer soil moisture within and above its current elevation range.
Glob Chang Ecol. 2013; 171; 271–282.

64.

Borgman EM, Schoettle AW, Angert AL. Assessing the potential for maladaptation during active management of limber pine populations: a common garden study detects genetic differentiation in response
to soil moisture in the Southern Rocky Mountains. Can J Forest Res. 2015: 45; 496–505.

65.

Millar CI, Stephenson NL, Stephens SL. Climate change and forests of the future: Managing in the face
of uncertainty. Ecol Appl. 2007; 17: 2145–2151. PMID: 18213958

66.

Harper JL. 1977. Population biology of plants. London: Academic Press.

67.

Poorter L. Are species adapted to their regeneration niche, adult niche, or both? Amer Nat. 2007; 169:
433–442.

68.

Collins SL, Good RE. The seedling regeneration niche: habitat structure of tree seedlings in an oakpine forest. Oikos, 1987; 48: 89–98.

69.

Fettig CJ, Ried ML, Bentz BJ, Sevanto S, Spittlehouse DL. Wang T. Changing climates, changing forests: A Western North American perspective. J Forest. 2013: 111; 214–228.

70.

DeRose RJ, Long JL. Resistance and resilience: A conceptual framework for silviculture. Forest Sci.
2014; 60:1205–1212.

71.

Jactel H, Brockerhoff EG. Tree diversity reduces herbivory by forest insects. Ecolo Lett. 2007; 10: 835–
848.

72.

Castagneyrol B, Giffard B, Pére C, Jactel H. Plant apparency, an overlooked driver of associational
resistance to insect herbivory. J Ecol. 2013; 101: 418–429.

73.

Rigot T, van Halder I, Jactel H. Landscape diversity slows the spread of an invasive forest pest species.
Ecography, 2014; 37: 648–658.

74.

Bockino NK, Tinker DB. Interactions of white pine blister rust and mountain pine beetle in whitebark
pine ecosystems in the Southern Greater Yellowstone Area. Nat Area J. 2012; 32: 31–40.

75.

Schoettle AW, Sniezko RA, Kegely A, Burns KS. White pine blister rust resistance in limber pine: Evidence for a major gene. Genet Res. 2014; 104: 163–173.

76.

Clever CM, Jacobi WR, Burns KS, Means RE. Limber pine in the central and southern Rocky Mountains: stand conditions and interactions with blister rust, mistletoe, and bark beetles. Forest Ecol
Manag. 2015: 358: 139–153.

77.

Seidl R. The shape of ecosystem management to come: Anticipating risks and fostering resilience. BioScience. 2014; 16; 1159–1169.

PLOS ONE | DOI:10.1371/journal.pone.0160324 August 30, 2016

16 / 16

