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Abstract Whitebark pine (Pinus albicaulis) populations

are in decline across the species’ range due to historic

wildfire exclusion, mountain pine beetle (Dendroctonus

ponderosae, MPB) outbreaks, and an invasive fungal

pathogen causing the disease white pine blister rust

(Cronartium ribicola, WPBR). Despite reliance on stand-

replacing fires, information on whitebark pine regeneration

occurrence is limited and the trajectory of future forests is

largely unknown in some areas of the range. Regeneration

densities were assessed in burned and adjacent non-burned

areas at six high elevation locations in northwest Wyoming

where stand-replacing fires occurred 8–32 years before the

surveys. In these locations at the eastern extent of the

species range, we assessed what site factors were associ-

ated with regeneration success. Whitebark pine regen-

eration density was greater and seedlings were older in

non-burned compared to burned areas. Within burns, north

aspects had more regeneration than south aspects. Potential

seed source densities and other species’ regeneration were

positively related to whitebark pine regeneration densities

in burned areas. South facing slopes or grass covered areas

may have either delayed or no regeneration of whitebark

pine without the help of artificial planting.

Keywords Recruitment � Age structure � White pine

blister rust � Mountain pine beetle � Restoration

Introduction

Whitebark pine (Pinus albicaulis Engelm.) is an important

component of high-elevation forests in western North

America, though it has been in recent decline due to a

number of factors, such as the introduced pathogen

(Cronartium ribicola J.C. Fisch., WPBR) causing the dis-

ease white pine blister rust (Geils et al. 2010), mountain

pine beetle (Dendroctonus ponderosae Hopkins, MPB)

(Gibson et al. 2008), and global climate change (Keane

et al. 1994; Logan and Powell 2001; Tomback et al. 2001b;

Furniss and Renkin 2003; Hamann and Wang 2006; Logan

et al. 2010). In these vulnerable high-elevation ecosystems,

management and restoration efforts have occurred to buffer

the effects of the current tree decline (Keane and Parsons

2010; Waring and Goodrich 2012). Facilitating natural

regeneration and planting of whitebark pine are recom-

mended as restoration activities (Scott and McCaughey

2006; Schoettle and Sniezko 2007; Keane and Parsons
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2010) as regeneration will be a key factor in sustaining this

keystone species. We conducted a study in the southeastern

extent of whitebark pine to determine patterns of post-fire

whitebark pine regeneration and the site and stand char-

acteristics associated with regeneration.

The maintenance of whitebark pine in these high-

elevation alpine and subalpine species is important because

it is a keystone species that facilitates biodiversity, influ-

ences watershed hydrology and performs other ecosystem

services (Tomback et al. 2001b; Tomback and Achuff

2010). Whitebark pine produce most seed during mast

years (Morgan and Bunting 1992; Crone et al. 2011) and

several animal species rely on the large seeds as major food

sources, such as squirrels (Tamiasciurus spp.), grizzly

bears (Ursus arctos horribilis) and birds including Clark’s

nutcrackers (Nucifraga columbiana Wilson) (Hutchins and

Lanner 1982; Tomback 1982; Mattson et al. 1992; Mattson

and Reinhart 1997). The main form of seed dispersal for

whitebark pine is through a dependent relationship with the

Clark’s nutcracker (Tomback 2001). Seed caching sites

that result in the establishment of trees usually occurs in

open areas, such as those created by recent fires (Hutchins

and Lanner 1982; Tomback 1982). The decline of white-

bark pine, even in localized mountain ranges, could have

cascading ecosystem effects (Ellison et al. 2005).

The regeneration of whitebark pine in many locations of

the upper subalpine zone of the northern Rocky Mountains

is assumed to be fire-dependent. As an early arrival to

newly opened areas, whitebark pine is eventually out-

competed by more shade tolerant tree species without the

maintenance of fire (Pfister et al. 1977; Arno and Hoff

1990). Historically fire retun intervals in the upper sub-

alpine zone are long (30–300 years) with fire regimes that

vary from stand replacing to mixed-severity; fire exclusion

is generally not a factor in contributing to the reduction in

whitebark pine regeneration in sites with the longest fire

return intervals (Romme 1982; Arno 2001; Walsh 2005;

Larson et al. 2009). Many whitebark pine forests in the

Northern Rockies have originated following stand-replac-

ing fires due to the species ability to survive and regenerate

in higher proportions than co-existing shade-tolerant spe-

cies and its dispersal ecology into areas cleared by fire

(Arno and Hoff 1990; Keane and Parsons 2010), but re-

gionally specific guidelines on minimum whitebark pine

regeneration densities or the site factors that increase

densities is limited in the southern portion of the range.

Recommendations for restoration of whitebark pine

have emphasized the use of fire to manage competing

vegetation and create seed caching sites for Clark’s

nutcrackers and increase age heterogeneity (Keane and

Arno 1996, 2001; Schwandt 2006) while other studies have

noted adequate regeneration in existing stands (Larson and

Kipfmueller 2010). Mortality of overstory trees from MPB

or WPBR may allow the release of existing whitebark re-

generation (Larson and Kipfmueller 2010). The aim of

burning is to also promote whitebark pine populations that

have the age, stand structure and genetic diversity to be

resilient in a changing disease, insect, and climate complex

(Schwandt 2006; Schoettle and Sniezko 2007).

As important as fires are to whitebark pine and species

restoration, limited studies have quantified natural white-

bark pine regeneration following stand-replacing fires (but

see Tomback et al. 1993, 1995, 2001a). Along the south-

eastern extent of whitebark pine distribution in the central

Rocky Mountains specifically on the Wind River and Ab-

saroka Mountain Ranges of Wyoming, there is little

knowledge regarding natural regeneration success follow-

ing stand replacing fires and in intact non-burned forests.

These areas are important as they are the most southeastern

populations of whitebark pine and occur in areas where the

species co-occurs with limber pine (Pinus flexilis [James]),

another member of the five-needle pine group. Almost all

projected species distribution models predict a loss of

whitebark pine suitable habitat in these southeastern range

edges, therefore it is essential to provide regionally specific

management guidelines outlining the regeneration niche of

whitebark pine here (Crookston 2012). Information on re-

generation densities post-fire along with site and stand

characteristics associated with whitebark pine regeneration

can be valuable information that can be utilized in

restoration efforts with regional specificity across the spe-

cies range, as whitebark pine has a wide distribution and

occurs across a range of environments (Arno and Hoff

1990; Larson and Kipfmueller 2012). Research questions

related to whitebark regeneration and the influence of fire

in this area of its range were: (1) Do whitebark pine re-

generation densities by height classes (i.e., proxy for age)

vary between burned and non-burned areas and are there

years of greater recruitment; (2) Do site and stand factors

correlate with whitebark pine regeneration densities and

burn status; and (3) What is the incidence and severity of

damage agents including WPBR and MPB on whitebark

pine regeneration and mature seed source trees in burned

and non-burned areas as this may affect the potential for

continuing regeneration cycles.

Materials and methods

Study areas

We chose study areas in the southeastern edge of the

natural range of whitebark pine in the Central Rocky

Mountains in northwestern Wyoming, USA. We used

three wildfire areas on the Wind River Mountain Range

that extends along a northwest to southeast axis starting
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near Jackson, WY and ending in the southeast, near

Lander, WY. Three other fires were used on the southern

end of the Absaroka Range that starts at the northern

terminus of the Wind River Range and continues north

into Montana. Regeneration monitoring plots were

established in burned and non-burned areas associated

with six stand replacing fires that burned 8–32 years

previous to sampling in the summer of 2007 (Fig. 1;

Table 1). Fires ranged in elevation from 2670 to 2890 m

and their sizes varied (12 to [2000 ha) with three fires

encompassing large areas over 1000 ha each (Table 1).

Sampled fires were in areas of potential whitebark pine

habitat as defined by elevation and surrounding vegeta-

tion, and within an hour hike from a road in the Shoshone

National Forest, Bridger-Teton National Forest, and Wind

River Reservation (Fig. 1).

Fig. 1 Burned areas sampled in

2007 in the northern Wind River

and southern Absaroka

Mountain Ranges, WY
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Stands in both burned and non-burned areas were mix-

tures of whitebark pine, Engelmann spruce (Picea engel-

mannii Parry ex Engelm.), subalpine fir (Abies lasiocarpa

[Hook.] Nutt.) and lodgepole pine (Pinus contorta Douglas

ex Louden), with proportions of each species differing by

site. Limber pine was found at lower elevations than

whitebark pine in the study area and was avoided when

encountered in two fires by not surveying these lower

elevations. On three burned areas the local National Forests

had planted either lodgepole pine (Willow Creek, Dry

Cottonwood) or whitebark pine (Geyser Creek) with one

burned area (Unit 40) being planted with both species. We

were able to distinguish between human and naturally

planted whitebark pine by aging the seedlings by counting

whorls. Trees whose age corresponded to dates of planting

(based on agency records) were excluded from most

analyses.

Sampling strategy

In each burn area, sites with similar aspects, elevation and

forest types were delimited using GIS. The number of sites

within a burned area depended on the uniformity of the

burn area in regard to aspect, elevation, forest type and size

of the fire (modified methods from Coop and Schoettle

2009). Sample sites in the non-burned areas were selected

from the surrounding forest to match the aspect, elevation

and forest type of the burned sites. In large burn areas up to

four sites were identified for sampling to ensure an ade-

quate representation of the conditions within the burn area.

Sample sites ranged in size from 12 to 20 ha (Table 1) and

the shape varied from elongated rectangles to circular

areas.

On each sample site, six potential transects were sys-

tematically located with spacing between transects varying

Table 1 Study sites sampled in 2007 and condition of non-burned forests around burned areas in the northern Wind River and southern

Absaroka Mountain Ranges, WY

Fire name Shoshone NF/Washakie District Bridger-Teton NF/

Jackson District

Wind River Reservation

Geyser

Creek

Unit 40 Moccasin

Basin

Dry Cottonwood Willow

Creek

Crow

Creek

Fire year 1975 1988 1999 1991 1988 1994

Area burned (ha) 114 556 12 2411 [1000 [2000

Average elevation (m) 2890 2670 2810 2720 2960 2810

Number of sampling sitesa 2 4 1 4 1 2

Number of plots in burned area 48 76 16 65 15 36

Number of plots in non-burned area 20 40 10 40 10 20

Mean tree density (stems ha-1)

(standard error)

Whitebark pine 127 (59) 31 (9) 7 (5) 282 (66) 121 (34) 339 (127)

Engelmann spruce 273 (111) 139 (17) 421 (125) 69 (32) 380 (77) 113 (56)

Subalpine fir 102 (31) 464 (94) 1030 (519) 189 (41) 0 2 (2)

Lodgepole pine 56 (19) 22 (6) 2 (2) 34 (12) 2 (2) 292 (65)

White pine blister rust

% live WB stems ha-1 with WPBR 1.5 (1.5) 7.1 (5.3) 0.0 2.6 (1.2) 2.2 (1.6) 4.0 (2.6)

WPBR severityb 1.0 3.0 – 1.5 1.0 1.0

Mountain pine beetle

MPB attacked WB stems (%) 2000–2007c 22.3 (7.6) 43.7 (10.9) 75.0 (25.0) 43.9 (6.3) 23.8 (9.3) 7.2 (1.3)

MPB attacked WB stems (%) older than 2000c 24.3 (9.7) 9.8 (7.1) 0.0 11.9 (3.9) 26.8 (12.7) 1.3 (1.3)

Potential seed source

Mean distance of plots in burned areas

to nearest WB seed source (m)

209.1 (9.4) 268.0 (19.1) 90.0 (6.3) 344.7 (24.3) 209.5 (36.9) 382.6 (29.4)

WB Whitebark pine, WPBR white pine blister rust, MPB mountain pine beetle. Means and standard errors are arithmetic from non-transformed

data
a Sampling sites are defined as being made up of a burned and non-burned area that have similar aspects, elevations, and forest type
b WPBR severity rating based on percent crown and stem killed: 0–9 with a rating of 0 = 0–9 % affected, 1 = 10–19 % affected…
9 = 90–100 % affected
c Only susceptible sized WB with DBH[20 cm
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from 30 m on smaller sites to 100 m on large sites. Tran-

sect lengths were equal to the distance across the fire fol-

lowing the elevational contours and ranged from 200 to

520 m. The six transects defined the sampling frame from

which three transects were randomly selected for sampling,

without replacement. Two transects were randomly se-

lected from the six transects systematically placed in non-

burned areas associated with each sample site. Two tran-

sects were used in non-burned areas because these forested

areas were uniform and regeneration was not a rare event

as in the burned areas.

In designing the survey, transects were treated as clus-

ters and the size of the clusters (the number of plots per

transect) was allowed to vary from five to seven depending

on transect length. Sample plots were systematically lo-

cated along each transect. The ends of transects were

C10 m from the nearest non-burned area in burned por-

tions of a sample site and C10 m from the nearest burned

area in non-burned forests. Transects in burned and non-

burned areas were monumented at each end with a tagged

and painted rebar and a tagged and painted log, tree or

stump.

Plot level data

We established 256 plots (each 2 m 9 40 m) in burned

areas and 140 in non-burned forests adjacent to burns

(Table 1). On each plot we recorded the aspect, later

categorized as north (C270� and \90�) and south (C90�
and\270�), percent slope, disturbance types (fire, salvage

logging, selective cuts, domestic livestock grazing, burn

piles, planting of seedlings), percentage of top three species

of ground cover, percentage of bare ground, litter, and

surface area disturbed by pocket gophers (Thomomys tal-

poides). Plots were categorized as either mesic or xeric;

mesic site conditions were based on the presence of Vac-

cinium scoparium as the major species associated with cool

and moist conditions, and xeric conditions were associated

with Carex spp., Juncus spp., Arnica cordifolia, and bunch

grasses (Poaceae family) (Arno 2001).

Tree level data

All individual trees were tallied by species in each plot

within five height classes (\20, 20–99.9, 100–199.9,

200–300, C300 cm). For whitebark pine only, crown class

(dominant, codominant, intermediate, overtopped, open

grown), seedlings microsite conditions, living or dead

status, number of branch whorls (proxy for age) on seed-

lings \100 cm tall, and abiotic/biotic damage incidence

and damage severity (0–9 with a rating of crown or stem

killed 0 = 0–9 % affected, 1 = 10–19 % affected…

9 = 90–100 % affected) were collected (Kearns and Jacobi

2007; USDA Forest Service 2007). On all whitebark pine

in all plots, damage agents were recorded, including both

abiotic (frost, sunscald, etc.) and biotic (insect defoliation,

diseases including white pine blister rust, foliar fungi, and

animal damages including browsing and root damages).

Time since mortality by MPB was estimated by bark and

branch degradation and whether dead trees were burned in

the fire. To determine how many seedlings were in bird

seed catches, we recorded how many seedlings \100 cm

tall were growing in a cluster (Tomback et al. 2001a).

Microsites within 20 cm around whitebark pine regen-

eration were classified as: open, no protection from wind or

solar; near the base of a tree or under low tree canopy; near

downed woody debris, logs, or roots; rocks; and in cracks

or holes in trees.

Since tree diameters were not recorded within plots, the

basal area of all tree species along with health class,

damage agent incidence, damage severity, whether cones

were present and diameter class were assessed in variable

radius plots at both ends of each plot using a basal area

angle gauge (1.1 metric basal area factor (5 English BAF)

in burned areas and 2.3 BAF (10 English BAF) in non-

burned areas). The stand basal area and related data were

used to assess whether there were relationships between

stand characteristics and regeneration.

Seed sources

The non-burned forest outside the fire was sampled to

assess whitebark pine seed source at the perimeter of the

fire. Sampling was conducted with variable radius plots

(2.3 BAF) spaced 80 m apart in non-burned forest 10 m

from the perimeter of the fire. The basal area of all tree

species along with the health class, damage agent, dam-

age incidence and severity, diameter class and whether

whitebark pine cones were present were recorded in each

plot.

Seedling age versus height and whorls

A subsample of whitebark pine seedlings were collected in

burned and non-burned areas of the Dry Cottonwood fire.

Twelve trees under closed canopy and 52 from an open

area within the burn were destructively sampled. We de-

termined the pith age of each seedling at ground line by

counting rings under 409 magnification. Tree heights and

whorls were recorded and a linear regression was used to

determine the relationships between tree ages and height,

whorl counts (proxy for age), and overstory influences

(Büsgen and Munch 1929).
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Data analysis

To determine differences in tree densities and vegetation

covers between burned and non-burned areas and north and

south facing slopes, a mixed model analysis of variance

was applied with aspect and burn status as fixed effects,

and polygon, transect, and number of plots as random ef-

fects (SAS/STAT version 9.1, MIXED procedure). Fires

were assumed to be independent replicates. First we tested

for spatial auto- and cross-correlation between plots within

fires (p\ 0.05) by performing spatial proximity weights

equal to the inverse of the distance between plots, defining

a neighborhood for each fire that ranged from 10 to 45 m.

Analysis of spatial correlation was carried out using R

2.6.1 (R Development Core Team 2008) with additional

functions to calculate and test Moran’s I (Robin Reich,

Colorado State University, personal communication). Since

there was spatial auto-correlation the coordinates associ-

ated with each plot were used to fit a spatial power model

for the residuals in the mixed model. In all models predicting

whitebark pine density, the following site and stand char-

acteristics from each plot were tested as potential covariates:

elevation, time since fire, percent cover of understory

vegetation (total, shrubs, grasses, and V. scoparium), density

of non-whitebark pine trees in all size classes (total and

individual species), and distance and basal area of nearest

whitebark pine potential seed source. Covariates that pro-

duced the lowest mode Akaike’s Information Criterion

(AIC) score were kept in models. The density of trees and

vegetation cover were positively skewed and to meet the

assumption of normality for analysis the tree data were log10

transformed and the vegetation data square-root trans-

formed. The back-transformed data are presented which

correspond more to the median than to the mean (James

zumBrunnen, Colorado State University Franklin A. Grey-

bill Statistical Laboratory, personal communication). Linear

regressions and paired t-tests were performed to identify

differences in height, whorl count, and tree ring count val-

ues, which were not transformed because they met the as-

sumptions of normality and homoscedasticity. Also, the

frequency distributions of annual recruitment of whitebark

pine B100 cm in height in burned and non-burned within

and between fires were tested using a Chi square test. To

meet the assumptions of a Chi square test with greater than

five observations per recruitment year, groups of 2 years

were used to test similarities in recruitment distribution over

time. To visualize understory vegetation community com-

positions of burned and non-burned areas, a nonmetric

multidimensional scaling (NMDS) was performed using

the Bray-Curtis dissimilarity distance measure in R 2.6.1

(R Development Core Team 2008).

Results

Whitebark pine regeneration density and associated

site factors

All analyses were conducted on live whitebark pine re-

generation because regeneration (B200 cm height) was

generally healthy (mean ± SEM = 97 ± 1 %). Regen-

eration densities in height classes [20 cm were sig-

nificantly lower in burned areas than in non-burned areas

(Fig. 2). This trend was consistent even with the oldest fire

(Geyser Creek), where densities of regeneration in areas

burned 32 years prior were approximately half of densities

in adjacent non-burned forest (Table 2). The only fire that

had greater density of regeneration in burned than non-

burned was Willow Creek.

Whitebark pine regeneration densities and recruitment

years were quite variable in our study area. More than

25 % of the plots lacked whitebark pine presence. Fur-

thermore, yearly recruitment was not synchronous between

burned and non-burned areas. The frequency distributions

of recruitment per year in burned and non-burned areas

were significantly different across fires sampled

(v2 = 185.0, df = 8, p\ 0.001), except for Moccasin

Basin which was not included because of very low density

of whitebark pine regeneration (Fig. 3). Aspect and burn

status were significant predictors for densities of the

shortest height classes of whitebark pine (B200 cm in

height, representing younger seedlings) (F-value = 4.84,

p = 0.064). South facing burned slopes had six times lower

mean whitebark pine (B200 cm tall) densities compared to

north facing burned slopes (mean ± SEM = 200 ± 43

stems ha-1 for south facing burned areas and 1143 ± 119

stems ha-1 for north facing burned areas). Similarly, there

were eight and four times less whitebark pine B200 cm tall

on south facing burned slopes compared to north non-

burned slopes (mean ± SEM = 1578 ± 205 stems ha-1)

and south facing non-burned slopes (773 ± 122 stems

ha-1), respectively. The percent cover of V. scoparium was

a positive covariate for this model.

Similarly, the density of whitebark pine in only burned

areas was greater on north aspects compared to south

aspects for the two shortest height classes (whitebark pine

B20 and[20–100 cm) (Fig. 4). Positive covariates in the

models for the height classes B100 cm in height in burned

areas were: basal area of nearest whitebark pine potential

seed source, percent cover of shrubs, number of years since

the fire, and density of lodgepole pine (seedlings to mature

trees). Percent cover of grass and minimum distance to

potential whitebark pine seed source were negative

covariates.
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With site and stand characteristics such as the cover of

V. scoparium and measures of overstory whitebark pine

stand characteristics being associated with whitebark pine

regeneration, many other site and stand characteristics that

were measured did not help explain the variability in

whitebark pine densities. For example, the cover of bare

ground and litter, and the presence of harvesting, domestic

grazing, salvage logging, and pocket gopher tunnels did not

correlate with regeneration. In fires planted with lodgepole

pine, the density of whitebark pine B200 cm tall was not

different in burned areas planted with lodgepole pine

compared to burned areas not planted with lodgepole pine

(mean ± SEM = 977 ± 118 stems ha-1).

High percentages of whitebark pine regeneration in

burned areas (81 %) and in non-burned areas (48 %) were

found in microsites created by downed woody debris, logs,

and roots (Table 3). In the burned areas, there were lower

proportions of whitebark pine regeneration under the pro-

tection of tree bases or under low tree canopies compared

to these same microsites in non-burned areas. Microsites

categorized as under protection of rocks and no protection

had equal densities of whitebark pine regeneration between

burned and non-burned areas.

Whitebark pine regeneration ages and clusters

With increasing height, there was a greater age discrepancy

of whitebark pine regeneration between burned and non-

burned areas. Regeneration below 20 cm tall did not differ

in age between burned and non-burned areas (mean ± -

SEM = 4.9 ± 0.2 years and 6.9 ± 0.4 years, respectively)

(n = 177 plots, p = 0.177) based on counts of branch

whorls. However, regeneration [20–100 cm tall was

younger in burned areas (mean ± SEM = 10.2 ± 0.3 -

years) compared to non-burned areas (18.8 ± 0.8 years)

(n = 215 plots, p = 0.004). Therefore, height class did not

accurately represent age class for whitebark pine regen-

eration when comparing burned and non-burned areas.

Fig. 2 Density of whitebark pine, lodgepole pine, subalpine fir, and

Engelmann spruce (back-transformed from log10) live trees by height

class in burned and non-burned areas in the northern Wind River and

southern Absaroka Mountain Ranges, WY. Values are adjusted for

aspect. Error bars are ± half LSD. Within height class, ns denotes

not significant, * denotes p\ 0.10, and ** denotes p\ 0.05
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Table 2 Published densities of whitebark pine seedlings and saplings [mean (standard error, median)] in non-burned areas and burned areas

throughout whitebark pine range

Location Seedlings/ha Saplings/ha Reference

Non-burned whitebark pine forest

Wyoming, Absaroka Mountains, Crow Creek Fire (13 years since fire) 725 (141, 593)a 244 (76, 63)b Current study

Wyoming, Wind River Range, Dry Cottonwood Fire (16 years since fire) 1950 (335, 1063)a 259 (63, 63)b Current study

Wyoming, Wind River Range, Geyser Creek Fire (32 years since fire) 1238 (260, 750)a 644 (102, 625)b Current study

Wyoming, Wind River Range, Moccasin Basin (8 years since fire) 238 (78, 250)a 125 (42, 125)b Current study

Wyoming, Absaroka Mountains, Unit 40 Fire (19 years since fire) 834 (237, 375)a 50 (23, 0)b Current study

Wyoming, Wind River Range, Willow Creek Fire (19 years since fire) 213 (79, 125)a 50 (38, 0)b Current study

Wyoming, Wind River and Absaroka Ranges (n = 6 fires) 866 (268, 780)a 229 (91, 184)b Current study

California, Lake Tahoe Basin 139 (SE = 30)c Maloney et al. (2012)

Oregon, Crater Lake NP *380c Murray and Rasmussen (2000)

Idaho and Montana *1000–3000 Keane and Parsons (2010)

Oregon, Cascades, mean (SE, median) 1233 (133, 1000)d 703 (38, 720)e Larson and Kipfmueller (2010)

Montana, Gravelly range, mean (SE, median) 375 (56, 200)d 467 (40, 470)e Larson and Kipfmueller (2010)

Oregon, Paulina Peak, mean (SE, median) 6086 (799, 6700)d 840 (60, 920)e Larson and Kipfmueller (2010)

Montana, Pioneer Mountains, mean (SE, median) 3107 (287, 900)d 866 (51, 600)e Larson and Kipfmueller (2010)

Idaho, Salmon River Mountains, mean (SE, median) 92 (8, 100)d 252 (12, 220)e Larson and Kipfmueller (2010)

Oregon, Wallowa Mountains, mean (SE, median) 215 (30, 100)d 149 (9, 100)e Larson and Kipfmueller (2010)

Southern Canada, Montana, western Wyoming—South facing 3400f – Barringer et al. (2012)

Southern Canada, Montana, western Wyoming—North facing 120f – Barringer et al. (2012)

Alberta, western British Columbia, northern Montana 400 clumps (range 0–4500 clumps)c Smith et al. (2008)

Montana, Henderson Mountain 230 clumpsf – Tomback et al. (2001a)

Montana, Northern Divide 70 (SE = 21)f – McKinney et al. (2009)

Montana and Idaho, Bitterroot Mountains 361 (SE = 237)f – McKinney et al. (2009)

Montana and Wyoming, Greater Yellowstone 282 (SE = 81)f – McKinney et al. (2009)

Burned whitebark pine forest

Wyoming, Absaroka Mountains, Crow Creek Fire (13 years since fire) 97 (39, 0)a 0 (0, 0)b Current study

Wyoming, Wind River Range, Dry Cottonwood Fire (16 years since fire) 1085 (236, 125)a 4 (3, 0)b Current study

Wyoming, Wind River Range, Geyser Creek Fire (32 years since fire) 612 (109, 375)a 385 (79, 250)b Current study

Wyoming, Wind River Range, Moccasin Basin (8 years since fire) 8 (8, 0)a 8 (8, 0)b Current study

Wyoming, Absaroka Mountains, Unit 40 Fire (19 years since fire) 854 (116, 500)a 51 (15, 0)b Current study

Wyoming, Wind River Range, Willow Creek Fire (19 years since fire) 867 (276, 500)a 0 (0, 0)b Current study

Wyoming, Wind River and Absaroka Ranges (n = 6 fires) 587 (180, 733)a 74 (63, 6)b Current study

Wyoming, Mt. Washburn, stand-replacing burn (7 years since fire) 355 clumpsf – Tomback et al. (2001a)

Wyoming, Mt. Washburn, moderate burn (7 years since fire) 360 clumpsf – Tomback et al. (2001a)

Montana, Henderson Mountain (7 years since fire) 235 clumpsf – Tomback et al. (2001a)

Idaho, Sundance Burn (25 years since fire) 77 (SD = 131) clumpsg Tomback et al. (1995)

Montana, Sleeping Child—Ridge (26 years since fire) 291 clumpsg Tomback et al. (1993)

Montana, Sleeping Child—Road (26 years since fire) 155 clumpsg Tomback et al. (1993)

Montana, Saddle Mountain (26 years since fire) 149 clumpsg Tomback et al. (1993)

a Height\ 100 cm
b Height 100–300 cm
c Height\ 137 cm
d Diameter at root collar\2 cm
e Diameter at root collar[2 cm and dbh\ 5 cm
f Height\ 50 cm
g Height\ 350 cm
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Although there was a strong positive linear relationship

between whorl and tree ring counts for sub-sampled

whitebark pine regeneration, whorl counts underestimated

tree ring count age by half (Fig. 5). Whorl counting gen-

erally underestimated the age compared to rings with an

average difference of 13.8 ± 1.2 years (t-value = 11.74,

p\ 0.001). The height of sub-sampled regeneration ranged

from 7 to 90 cm and averaged 42 cm (SEM = 3). Finally,

whitebark pine were found growing in clusters of 2–10

trees, with an average of 3.1 stems per cluster

(SEM = 0.1).

Disturbance and damage agents on whitebark pine

Animal damage, WPBR infections and MPB mortality

were the most common damages to whitebark pine re-

generation and overstory trees (Tables 1, 4). Browsing or

rubbing from animals that caused the death of branches or

tops of trees were the most common damages on regen-

eration in both burned (7 %) and non-burned areas (12 %)

(Table 4). Cankers from WPBR occurred on seedlings in

all height classes except for regeneration\20 cm in height

and was more prevalent in taller regeneration, but inci-

dence was low (\1 % of total density). There was no

WPBR or MPB activity on overstory trees in the burned

areas. In non-burned areas, the incidence of live whitebark

pine (with a measurable DBH) infected with WPBR av-

eraged 3 % (range 0–7 %), with low average severity

(16 %), except for the Unit 40 area where 30 % of crowns

or stems on infected trees were infected (Table 1).

Mountain pine beetle had caused mortality in the whitebark

pine before and after the fires at every burn except Moc-

casin Basin. Mortality from MPB that occurred before

2000 ranged from 0 to 27 % of the susceptible (DBH

[20 cm) whitebark pine. Extensive recent MPB-caused

mortality of the whitebark pine ranging from 1 to 75 % of

the stems has occurred since the fires.

Other regenerating species and vegetation

In addition to whitebark pine, other regenerating tree spe-

cies were subalpine fir, Engelmann spruce, lodgepole pine

and Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco.).

Densities were generally higher in non-burned areas com-

pared to burned areas for Engelmann spruce but were equal

between burn classes for subalpine fir and lodgepole pine

(Fig. 2).

Along with tree regeneration composition and density

differences between burned and non-burned areas, there was

a clear separation of the understory vegetation community

by burn status (Fig. 6). Out of the 47 plant species or groups

Fig. 3 Density of whitebark

pine recruitment per year (Age

is based on whorl count) for

trees B100 cm in height in

burned and non-burned areas in

the northern Wind River and

southern Absaroka Mountain

Ranges, WY
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of species (e.g., total grasses [Poaceae family]) recorded, the

most influential vegetation types were the cover of total

grasses and lupine species (Lupinus spp.), which were as-

sociated with burned areas, and grouse whortleberry (V.

scoparium) and heartleaf arnica (Arnica cordifolia), which

were associated with non-burned areas. From the NMDS

ordination analysis, the cover of grass had the maximum

correlation with the configuration of burned and non-burned

plots (r = 0.79, p\ 0.05). The cover of grass was five times

greater in burned areas than non-burned areas (back-trans-

formed mean ± SEM = 26.2 ± 0.1 % in burned and

5.5 ± 0.1 % in non-burned, p = 0.001). In the ordination,

grass cover was associated with plots with low densities of

whitebark pine seedlings. The vegetation type associated

with high densities of whitebark pine regeneration was the

percent cover of V. scoparium. The percent cover of V.

scoparium was 28 times greater in non-burned than burned

areas (back-transformed mean ± SEM = 0.1 ± 0.2 % in

burned vs. 2.8 ± 0.2 % in non-burned, p = 0.020). Fur-

thermore, burned and non-burned areas had different amount

of forest floor that was bare, disturbed by pocket gophers and

covered by litter. There was two times more cover of bare

ground in burned areas than non-burned areas (back-trans-

formed mean ± SEM = 22.4 ± 0.2 % in burned and

11.7 ± 0.2 % in non-burned, p = 0.040). Conversely, there

was greater cover of litter in non-burned areas compared to

burned (back-transformed mean ± SEM = 0.2 ± 0.2 % in

burned and 17.9 ± 0.2 % in non-burned, p = 0.001). Fi-

nally, percent cover of pocket gopher disturbance was seven

times greater in burned areas compared to non-burned (back-

transformed mean ± SEM = 2.8 ± 0.3 % in burned and

0.4 ± 0.3 % in non-burned, p = 0.021).

Discussion

Whitebark pines have a wide geographic distribution under

a diverse range of ecological conditions. Due to the vari-

ability in habitats in which whitebark pine occur, the par-

ticular conditions associated with whitebark pine

regeneration may also vary across its range (Larson and

Kipfmueller 2012). Our data contribute to the under-

standing of regionally specific regeneration dynamics on

the southeastern extent of whitebark pine distribution and

illustrates the variability and delay in regeneration re-

cruitment after fire. The stand-replacing fires that we

sampled were variable in the promotion of successful

whitebark pine regeneration in this area of the species

range, at least in the post-fire timeframe that we studied.

Whitebark pine regeneration density varies

between burned and non-burned stands

In the stands studied in the high-elevation forests in

northwest Wyoming, fire has altered densities of whitebark

pine regeneration as post-fire densities were still lower than

adjacent non-burned areas. The fires we assessed that had

occurred 8–32 years previous were around the range rec-

ommended to adequately assess whitebark pine recruitment

after disturbance (10–20 years post-treatment) (Keane and

Parsons 2010). However, a lag time of up to 40 years in

upper subalpine areas depending on site and disturbance

severities has even been suggested for whitebark pine re-

generation establishment (Arno and Hoff 1990). Our data

showed delayed regeneration establishment with substan-

tial numbers of sapling sized trees (100–300 cm) only

occurring in the oldest fire we sampled (32 years since fire;

Geyser Creek) (Table 2). The range of densities in the

current study extend beyond ranges provided in previously

published research, potentially due to a wide range of time

since fire (Table 2 and references therein).

To identify whether we could detect years of increased

whitebark pine recruitment due to factors such as mast

years of cone production or favorable periods of moisture

(Morgan and Bunting 1992; Crone et al. 2011), we com-

pared annual recruitment in burned and adjacent non-

burned areas for each fire (Fig. 3). There was a lack of

Fig. 4 Density of (back-transformed log10) live whitebark pine

regeneration in only burned areas on north and south aspects in the

northern Wind River and southern Absaroka Mountain Ranges, WY.

Trees potentially planted in the Geyser Creek and Unit 40 fires are not

included. Error bars are ± half LSD. Within height class, ns denotes

not significant, * denotes p\ 0.10, and ** denotes p\ 0.05. a

Covariates: trees ha-1 of all species (seedlings to mature trees) other

than whitebark pine, basal area of nearest whitebark pine potential

seed source, and percent cover of shrubs. b Covariates: years since

fire, density of lodgepole pine (seedlings to mature trees), percent

cover of grass, and minimum distance to potential whitebark pine

seed source. c Covariate: years since fire
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whitebark pine recruitment synchrony (based on whorl

counts as a proxy for age) between burned and non-burned

areas. A combination of factors, such as fluctuations in

predation pressure, seedling survival, length of seed dor-

mancy, amount and timing of precipitation, and population

of Clark’s nutcrackers along with the sampling error for

age due to counting whorls may affect yearly seedling re-

cruitment estimates (Tomback et al. 2001a; Lorenz et al.

2008).

Site and stand factors associated with whitebark

pine regeneration

In our study area, densities of whitebark pine were not

previously quantified in either burned or non-burned areas.

In addition, site and stand conditions related to successful

regeneration were not known. Densities of regeneration in

the burned area varied by fire and were related to specific

site and stand characteristics, such as aspect, non-burned

tree species composition, vegetation type, and basal area of

potential seed sources. Southerly aspects of these stand-

replacing fires had the lowest density of whitebark regen-

eration which would be expected in these mountain ranges

where summer precipitation is limited. The relatively

cooler and wetter site conditions on north facing slopes

along with the success of non-whitebark pine regeneration

were positively related to the density of whitebark pine

regeneration in burned areas. In western Montana, Tom-

back and others (1993, 2001a, b) also found greater post-

Table 3 Percent of live whitebark pine regeneration B100 cm in height by microsite location in the northern Wind River and southern Absaroka

Mountain Ranges, WY

Microsite type % stems p value

Burned area (n = 256 plots) Non-burned area (n = 140 plots)

Base of trees or tree canopy 4.7 46.5 0.001

Downed woody debris/logs 81.2 48.3 0.439

Open, no protection 10.1 4.2 0.892

Rocks 3.3 1.0 0.813

Trees potentially planted in the Geyser Creek and Unit 40 fires are not included. Values are adjusted for aspect
a Microsite type: object was within 0.2 m of the seedling
b p value from analysis on log10 transformed density of whitebark pine regeneration

Fig. 5 Relationships between whorl counts and tree rings (assessed

by dendrochronology) of whitebark pine live regeneration sub-

samples (n = 68) collected at the Dry Cottonwood fire in Wyoming.

Regression equation: (Whorl) = (0.4573*Tree ring) ? 7.2403; F

value = 72.08, p value\ 0.0001, R2 = 0.537

Table 4 Percent affected of whitebark pine regeneration with dam-

ages in burned and non-burned areas on whitebark pine in the

northern Wind River and southern Absaroka Mountain Ranges, WY

% of live whitebark pine p value

Burned Non-burned

Animal damagea 6.5 11.6 0.021

WPBR

Total 0.1 0.8 0.082

B20 cm 0.0 0.0 –

[20–100 cm 0.2 0.8 0.294

[100–200 cm 0.1 0.2 0.640

[200–300 cm 0.1 1.0 0.523

[300 cm 0.0 1.7 0.069

Trees potentially planted in the Geyser Creek and Unit 40 fires are not

removed from analysis. Values are adjusted for aspect

WPBR regeneration with one or more white pine blister rust cankers

on branches or stems

% of live whitebark pine: stems ha-1 of damaged whitebark pine

regeneration was divided by the density of live whitebark pine that

ranged in status from healthy to[50 % of crown damage

p value from analysis on log10 transformed density of whitebark pine

regeneration
a Whitebark regeneration B200 cm in height only. Animal damage:

browsing, gnawing, and rubbing of branches, boles or the top of trees

from ungulates or rodents
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fire whitebark pine regeneration densities on north-facing

aspects and mesic sites. In contrast, Scott and McCaughey

(2006) list the warmer aspects exposed to more sun and

wind as those that will be more historically dominated by

whitebark pine due to less competition with other shade-

tolerant conifers. We found that the success of other tree

species regeneration also correlate with whitebark pine

regeneration success. To improve success of artificially

planted whitebark pine in burned areas, management rec-

ommendations for restoration include the need to remove

competing vegetation around trees (HSJ Kearns pers.

comm.). There was an association of whitebark pine re-

generation with the cover of V. scoparium, which was also

shown by Tomback and others (1993). This association

may be due to a facultative nurse plant relationship and the

involvement of the potential of shared beneficial mycor-

rhizal fungi (Perkins 2004). Furthermore, V. scoparium,

along with grasses, A. cordifolia, and Lupinus spp. were the

most influential vegetation types that defined post-fire

community differences in burned and non-burned areas

with more whitebark pine regeneration associated with

non-burned areas, which were also defined by greater cover

of V. scoparium and less cover of grasses.

Mature whitebark pine density and cone production

have been shown to be positively associated with the

probability of seed dispersal (McKinney et al. 2009). In

unburned forest in our study area, we would expect suc-

cessful seed dispersal as the basal area of mature whitebark

pine (3–7 m2 ha-1) was within and above the density range

found by Barringer et al. (2012) to have observed Clark’s

nutcrackers visitations (0.04–3.23 m2 ha-1). Although we

found greater densities of whitebark pine regeneration

nearer to potential seed sources, the long distance dispersal

of seeds by Clark’s nutcrackers can range from a few

meters to several kilometers (Vander Wall and Balda 1977;

Tomback 1978; Hutchins and Lanner 1982; Richardson

et al. 2002; Lorenz and Sullivan 2009).

The microsite conditions of cached whitebark pine seeds

in burned and non-burned areas were often associated logs

and bases of trees, which act to alter the moisture and

temperature of a site to favor regeneration growth. The

prevalence of these potential microsites could differ be-

tween burned and non-burned areas, for example, tree

canopy cover may be lower and amount of downed woody

material may be greater in burned areas. Furthermore, the

ability to relocate seed caches by Clark’s nutcrackers from

these microsites may also differ between burned and non-

burned areas, which could also result in differences in re-

generation density. Tomback et al. (1993) found the

greatest occurrence of whitebark pine regeneration in

burned areas were near small wood pieces, fallen trees and

branches. Planting whitebark seedlings at varying densities

in order to use local, natural microsites has been noted as a

common practice in restoration planting (Scott and

McCaughey 2006; Waring and Goodrich 2012).

Along with altering densities, the stand-replacing fires

we surveyed also altered the age structure of regenerating

whitebark pine, with regeneration in burned areas growing

more rapidly than in the adjacent non-burned areas. In this

study, ages of whitebark pine regeneration in non-burned

areas were up to 59 % older than those in burns. Further-

more, the growth rate for whitebark pine regeneration

[20–100 cm was 1.6 times greater in burned compared to

non-burned areas. Because of the paired design comparing

similar site characteristics in burned versus adjacent non-

burned areas, plausible explanations for differences in

growth are changes in overstory stand structure due to fire

and the effect these changes have on abiotic factors such as

snow retention and moisture regimes. Due to slow growth

rates of older trees and relative shade intolerance, sup-

pressed whitebark pine regeneration in the non-burned ar-

eas may have a lower potential of becoming mature

overstory trees than the younger and faster growing trees in

the burned areas (Pfister et al. 1977; Arno and Hoff 1990;

Greene et al. 1999; Niinemets 2006), so the density dis-

parity between burn status may lower by the time trees

reach reproductive ages. However, Keane and others

(2007) found that older and larger whitebark pine advanced

Fig. 6 Relationship between understory vegetation community,

whitebark pine seedling density, and burn status of plot. Percent

cover of all vegetation species were used in the non-metric multi-

dimensional scaling with Bray-Curtis distance ordination analysis

(stress = 0.26). Point size was scaled to density of whitebark pine

seeding density (height\ 100 cm), which ranged from 0 to 9500

stems ha-1. Only the top four most influential variables are displayed

as vectors. Vegetation common and scientific names are as follows:

grouse whortleberry (Vaccinium scoparium), heartleaf arnica (Arnica

cordifolia), all grasses (Poaceae family), and lupine species (Lupinus

spp.)
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regeneration had the largest growth response after removal

of competing vegetation. There is evidence that suggests

advanced regeneration may release following canopy gap

creations from MPB or WPBR-induced overstory mortality

in areas north and west of our research sites (Larson and

Kipfmueller 2010). Although initial growth and survival of

whitebark and limber pine seedlings are greater in areas

under some canopy cover compared to open conditions

(Maher et al. 2005; Casper 2012), the release of these trees

is uncertain and more research is needed on the effect of

ontogeny and site characteristics on release potential.

Damage agents on whitebark pine regeneration

and seed source trees

The incidence of animal damage on seedlings in non-

burned (9 %) and burned (2 %) areas was low and there

has been some success with techniques for protecting

planted seedlings from herbivores (Smith et al. 2011),

which may be useful for natural regeneration. After animal

damage, the damage agent that had the second highest

incidence on regeneration was WPBR. The incidence of

WPBR on regeneration within burns was low (\1 %) but it

is not known whether it may threaten regeneration density

in burned areas in the future. Incidence of rust on taller

regeneration in the non-burned stands was high enough

(2 %) that it may impact whether there is sufficient re-

generation surviving to maturity should the overstory trees

be removed. The disease pressure on adult whitebark pine

is low \3 % and seems to be lower (\1 %) than other

regions on regeneration, as incidence on regeneration

ranged from 25 to 29 % in southern Canadian Rocky

Mountains and northern Idaho (Tomback et al. 1995; Smith

et al. 2008) to\1 % in six mountains ranges in Montana,

Idaho and Oregon (Larson and Kipfmueller 2010). Re-

cently, Cleaver (2014) surveyed limber pine in the same

region as the current study and found the incidence of

WPBR on limber pine much greater than on whitebark pine

in the current study (23 vs.\3 %, respectively). White pine

blister rust may stay at the present low incidence in mature

and regenerating whitebark pine, or increase in incidence

as it has done in stands directly to the southeast, also on the

Wind River Mountain Range (Kearns and Jacobi 2007).

Another hindrance to successful natural regeneration in our

study area was the ongoing MPB outbreak (Gibson et al.

2008). The mortality of cone-bearing whitebark pine could

hinder the successful establishment of natural regeneration

in more recent wildfires, such as the Purdy (2006) and Hard

Scrabble (2007) fires on the Bridger-Teton and Shoshone

National Forests. An increase in WPBR incidence on ma-

ture trees and the current MPB outbreak may together re-

duce seed source density, lower reproductive efforts and

interupt seed dispersal to burned areas (Tomback et al.

1995; Tomback and Kendall 2001; McKinney and Tom-

back 2007; McKinney et al. 2009; Barringer et al. 2012;

Maloney et al. 2012). Also, the genetic diversity, hence the

resource for potential resistance against WPBR, may be

greatly reduced due to the extensive overstory mortality

caused by MPB (Schoettle and Sniezko 2007).

Management implications

The Unit 40, Willow Creek, and Dry Cottonwood fires were

planted at least 6 years prior to the survey with lodgepole

pine, though the success of these plantings were different for

each fire and within each fire (E Jungck, pers. comm.). The

planting of lodgepole pine in three of the six fires has the

potential to negatively affect the density of whitebark pine

regeneration by either deterring caching of seeds by birds, by

competition, or even by the complex interaction with ecto-

mycorrhizae (Mohatt et al. 2008; McCaughey et al. 2009).

However, there was not a difference in natural whitebark

pine regeneration in burned areas not planted or planted with

lodgepole pine. In the fires interplanted with whitebark pine

(Geyser Creek and Unit 40), interplanting in burned areas

appears to have been initially successful as we found lower

densities of whitebark pine in areas not interplanted. Fur-

thermore, Izlar (2007) found that the first year survival of

planted whitebark pine seedlings to be higher in burned areas

than non-burned areas and positively associated with

beneficial ectomycorrhizae, which were found in areas of

natural whitebark pine forest type. From these data, the

planting of trees after a fire may not deter the natural

whitebark pine regeneration and planted and natural white-

bark pine seedlings may actually benefit from each other

through mechanisms such as interactions with beneficial

ectomychorrizae. It is generally recommended to plant

whitebark pine away from lodgepole pine as lodgepole pine

has a faster growth rate and produces seeds when younger

than whitebark pine (McCaughey et al. 2009). The success of

natural regeneration and artificial interplanting of whitebark

pine in areas previously planted with other species should be

further researched, as the shade produced by lodgepole pine

may help ameliorate dry conditions and promote initial

establishment of whitebark pine on south-facing slopes

(Arno and Hoff 1990).

Recommendations for restoration of seral communities

of whitebark pine in dry and exposed sites in previously

burned areas, such as sites found in the Wind River

Mountain region of Wyoming, include planting in areas

that have V. scoparium and do not have extensive grasses

(McCaughey et al. 2009). Furthermore, planting is rec-

ommended in burned areas next to microsites and in areas

that are north facing where there are relatively wet, cool,

and sheltered conditions. Promoting and maintaining ma-

ture whitebark pine over time in these seral communities
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may also require removing competing tree species and

grasses (Keane and Arno 1996; McCaughey et al. 2009).

Interplanting whitebark with competing advanced regen-

eration may be useful to initial establishment, but co-oc-

curing species may also have to be removed. Our research

provides regionally specific density estimates in burned

and adjacent non-burned areas and contributes information

on whitebark pine regeneration ecology in the southeastern

extent of its range. This information can be used by man-

agers as indications of where planting of whitebark pine

may be required to restore whitebark pine communities.

Acknowledgments We greatly appreciate the help and invaluable

knowledge of our cooperators, E. Jungck, Shoshone NF, E. Davy,

Bridger-Teton NF, and E. Rhodenbaugh, Wind River Reservation.

We thank J. zumBrunnen and R. Reich for statistical assistance; C.

Chavis, K. Houston, E. Winthers, D. West, and J. Ellenwood for data

assistance; and field assistance from J. Morrow, J. Egan, and T. Graus.

We appreciate the review of this manuscript by J. Coop, H. Kearns, E.

Jungck, and J. Schwandt. We appreciate the anonymous reviewers

who helped to improve this manuscript.

References

Arno SF (2001) Community types and natural disturbance processes.

In: Tomback DF, Arno SF, Keane RE (eds) Whitebark pine

communities: ecology and restoration. Island Press, Washington,

pp 76–88

Arno SF, Hoff R (1990) Pinus albicaulis Engelm. Whitebark pine. In:

R.M. Burns, B.H. Honkala, (tech. coords.), Silvics of North

America. USDA Forest Service, Agricultural Handbook 654,

Washington, pp. 268–279

Barringer LE, Tomback DF, Wunder MB, McKinner ST (2012)

Whitebark pine stand condition, tree abundance, and cone

production as predictors of visitation by Clark’s nutcracker.

PLoS One 7:e37663. doi:10.1371/journal.pone.0037663
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