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Abstract. Warming-induced mountain pine beetle (Dendroctonus ponderosae; MPB) out-
breaks have caused extensive mortality of whitebark pine (Pinus albicaulis; WBP) throughout 
the species’ range. In the highest mountains where WBP occur, they cross alpine treeline eco-
tones (ATEs) where growth forms transition from trees to shrub-like krummholz, some of 
which survived recent MPB outbreaks. This observation motivated the hypothesis that ATEs 
are refugia for WBP because krummholz growth forms escape MPB attack and have the poten-
tial to produce viable seed. To test this hypothesis, we surveyed WBP mortality along transects 
from the ATE edge (locally highest krummholz WBP) downslope into the forest and, to distin-
guish if survival mechanisms are unique to ATEs, across other forest ecotones (OFEs) from 
the edge of WBP occurrence into the forest. We replicated this design at 10 randomly selected 
sites in the U.S. Northern Rocky Mountains. We also surveyed reproduction in a subset of 
ATE sites. Mortality was nearly absent in upper ATEs (mean � SE percent dead across all 
sites of 0.03% � 0.03% 0–100 m from the edge and 14.1% � 1.7% 100–500 m from the edge) 
but was above 20% along OFEs (21.4 � 5.2% 0–100 m and 32.4 � 2.7% 100–500 m from the 
edge). We observed lower reproduction in upper ATEs (16 � 9.9 cones/ha and 12.9 � 5.3 vi-
able seeds/cone 0–100 m from the edge) compared to forests below (317.1 � 64.4 cones/ha 
and 32.5 � 2.5 viable seeds/cone 100–500 m from the edge). Uniquely high WBP survival sup-
ports the hypothesis that ATEs serve as refugia because krummholz growth forms escape MPB 
attack. However, low reproduction suggests ATE refugia function over longer time periods. 
Beyond our WBP system, we propose that plant populations in marginal environments are 
candidate refugia if distinct phenotypes result in reduced disturbance impacts. 

Key words: boundary; climate change refugia; edge; mountain pine beetle; Pinus albicaulis; tree  
mortality; whitebark pine. 

of climate change on tree species (e.g., thermal toler-
INTRODUCTION 

ances), rather than indirect effects of altered biotic inter-
The identification of refugia for forest species and 

ecosystems vulnerable to direct and indirect effects of 
climate change is an important aspect of conservation 
planning (Keppel et al. 2012, Lawler et al. 2015, Morelli 
et al. 2016). Indeed, widespread tree mortality is occur-
ring globally as forest ecosystems react to the impacts of 
climate change (van Mantgem et al. 2009, Allen et al. 
2010, Millar and Stephenson 2015). However, common 
approaches for identifying refugia assume direct effects 

actions or disturbance regimes (Keppel et al. 2012, 
Michalak et al. 2020). One result of discounting indirect 
effects is that areas identified as climate change refugia 
may still leave species vulnerable to the negative effects 
of altered biotic interactions (as noted in marine ecosys-
tems by Kavousi 2019). Because the proximate causes of 
recent tree mortality are often outbreaks of phy-
tophagous insects, a biotic interaction altered by increas-
ing drought stress and warmer temperatures (Anderegg 
et al. 2015; Stephens et al. 2018), a deeper understanding 
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In western North America, recent outbreaks of the 
native mountain pine beetle (Dendroctonus ponderosae 
Hopkins; MPB), triggered by warming, have caused 
widespread tree mortality (Raffa et al. 2013, Creeden 
et al. 2014). One species experiencing declines is white-
bark pine (Pinus albicaulis Engelm.; WBP), a common, 
and often dominant, species forming alpine treelines 
throughout its range in western North America (Arno 
1984). In fact, severe mortality in WBP (Macfarlane 
et al. 2013, Jules et al. 2016, Meyer et al. 2016) due to 
the combined effects of MPB outbreaks and white pine 
blister rust (WPBR; caused by the exotic fungus Cronar-
tium ribicola J.C. Fisch. ex Rabenh) has led to the species 
being categorized as “warranting listing as an endan-
gered species” in the United States. (USFWS 2011), 
listed as endangered in Canada (COSEWIC 2010), and 
on the IUCN Red List (Mahalovich and Stritch 2013). 
Because temperature directly affects MPB population 
and outbreak dynamics, high-elevation WBP forests 
have become more suitable for MPB as climates warm 
(Bentz et al. 1991, Logan and Powell 2001, Hicke et al. 
2006). Increasing temperatures and recent MPB out-
breaks have led to projections that the bioclimatic niche 
of WBP may shrink to less than 30% of its current extent 
in the Greater Yellowstone Ecosystem (GYE; Chang 
et al. 2014). However, much remains unknown about 
how WBP populations will respond to these impacts. 
The upper elevation boundaries of WBP forests, 

alpine treeline ecotones (ATEs), typically contain shrub-
like krummholz growth forms (Arno 1984). These ATEs 
are characterized by gradients from forests with tall 
trees, the timberline, to areas with dispersed short-sta-
ture trees, the treeline, sensu stricto, and finally to the 
tree species limit at the upper edge of the ecotone, the 
krummholz zone orner(Griggs 1946, K€ and Paulsen 
2004). In WBP populations impacted by MPB out-
breaks, these ATE habitats are hypothesized to serve as 
refugia: in their extensive aerial survey of MPB-caused 
WBP mortality in the GYE, Logan et al. (2010) and 
Macfarlane et al. (2013) observed that mortality gradi-
ents often corresponded with growth form gradients at 
treeline: live WBP krummholz in ATEs persisted above 
forests with extensive mortality. Macfarlane et al. (2013) 
hypothesized that “long-term survival of the species 
likely resides in the [krummholz] growth form found 
throughout the ecosystem near treeline, because it is too 
small for beetles to attack. . .” Thus far, however, no tree-
or population-level studies have verified these observa-
tions nor tested the proposed mechanisms of this 
hypothesis, but survivors at treeline are visible in some 
locations (Fig. 1). 
Refugia for WBP from MPB outbreaks is plausible in 

ATEs for two principal reasons. First, krummholz 
growth forms of WBP appear to be a phenotypic expres-
sion due to the harsh treeline environment: krummholz 
populations are not genetically distinct, as was previ-
ously speculated (Clausen 1965), from the tree popula-
tions below them (Rogers et al. 1999). Instead, the 

genetic structure of WBP populations in the ATE is con-
sistent with the scatter-hoarding behavior of Clark’s 
Nutcrackers (Nucifraga columbiana Wilson), the primary 
dispersal agent of WBP (Hutchins and Lanner 1982, 
Tomback 1982). Thus, krummholz or their offspring 
would likely grow as trees in a milder environment. Sec-
ond, MPBs have long been known to prefer trees with 
diameters greater than 10–15 cm (Cole and Amman 
1969). The small stems and contorted shapes of krumm-
holz and other treeline growth forms may indeed under-
pin the mechanisms that could maintain WBP refugia 
from MPB in ATE habitats. 
Despite the plausibility of the ATE refugia hypothesis, 

there are alternate mechanisms that could explain a pat-
tern of low WBP mortality above the treeline. For 
instance, ATEs may share with other forest ecotones 
(OFEs) key attributes that affect MPB spread and 
impacts. Changes in structure near forest boundaries are 
known to modulate effects of herbivores (i.e., “edge 
effects”), the direction of the effect depending on behav-
ioral patterns of the herbivore (Cadenasso and Pickett 
2000). For example, interruption of pheromone signals 
by wind may occur to some degree at all forest bound-
aries: pheromone plumes are diluted by circulation 
(Thistle et al. 2004). Because the krummholz growth 
form is unique to ATEs, an examination of MPB 
impacts across OFEs should provide a first approxima-
tion of whether the mechanisms of survival are related 
to growth form or are due to more general edge effects 
discussed above. 
Aside from understanding survival mechanisms in a 

potential refugium, the reproductive capacity of surviv-
ing individuals is needed to discern if a population is a 
“holdover” or a “stepping stone” (sensu Hannah et al. 
2014), the latter permitting dispersal into new or previ-
ously occupied environments. Treeline growth forms of 
trees have generally been observed to have low reproduc-
tive output due to severe growing conditions (Tran-
quillini 1979, Korner€  2012). Although these
observations suggest that ATE populations of WBP may 
be population sinks, there is genetic evidence that repro-
duction and regeneration occur within these marginal 
habitats (Rogers et al. 1999). Additionally, seeds from 
ATEs may reach far away locations due to the long dis-
tance dispersal ability of Clark’s Nutcrackers (Lorenz 
et al. 2011). 
Lastly, the refugial status of ATE populations of WBP 

must be understood in the context of the status of sur-
vivors in the subalpine forests below ATEs. Forest trees 
that survived MPB attack are also likely to be important 
contributors to future populations. The MPB preference 
for larger diameter WBP (Perkins and Roberts 2003) 
should allow seedlings, saplings, and small trees to sur-
vive within attacked stands, though these survivors 
might be undetectable in aerial surveys. If small-diame-
ter WBPs are abundant in MPB-attacked stands, these 
“prey size refugia” (a concept important in marine food 
webs; e.g., Baskett 2006) might allow for population 
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FIG. 1. Surviving whitebark pines near treeline (dark green band) with extensive mortality (gray trees) in the subalpine forest 
below. Tobacco Root Mountains, Montana, USA. Photo credit: C. T. Maher. 

recovery between outbreaks apart from ATE refugia. A 
ground-based understanding of the patterns of WBP 
survivors of widespread MPB outbreaks is crucial, there-
fore, for predicting the future status of these ecologically 
important forests. 
The importance of biotic interactions on the viabil-

ity of climate change refugia has been noted in the 
literature but this aspect of refugia remains largely 
unexplored for tree species. Furthermore, an examina-
tion of the potential for refugia in marginal habitats, 
perhaps maintained by consequential changes in plant 
phenotype, carries important implications for how 
plant populations may resist altered biotic interactions 
or disturbances due to climate change. In this 
research, we identify possible refugia from climate 
change effects for a montane tree species with a focus 
on understanding the disturbance-related mechanisms 
and demographic attributes that generate and main-
tain the refugia. The specific goals of this research 
were to verify that WBP populations in the ATE did 
survive recent MPB outbreaks, to distinguish between 
plausible mechanisms of survival in the ATE, to 
assess the relative reproductive contributions in ATE, 
and to examine overall survival in post-MPB out-
break WBP forests in the U.S. Northern Rocky 
Mountains. Three questions guided our study. (1) Are 
mortality rates of WBP in upper ATEs lower than in 
subalpine forest interiors and how does this mortality 
gradient differ from OFEs? (2) What is the current 
reproductive output (number of cones and viable seed) 
of krummholz WBP in treeline habitats relative to 
subalpine forests? (3) What is the overall post-out-
break survival status of WBP populations in the U.S. 
Northern Rocky Mountains? 

METHODS 

Field site selection 

Upper subalpine forests in the U.S. Northern Rocky 
Mountains typically consist of mixed-species stands of 
subalpine fir (Abies lasiocarpa (Hook.) Nutt., lodgepole 
pine (Pinus contorta Dougl.), Englemann spruce (Picea 
englemannii Parry ex Engelm.), occasionally limber pine 
(Pinus flexilis James), and WBP, which often forms 
nearly monotypic stands at the highest elevations near 
treeline (Pfister et al. 1977, Arno and Hoff 1989). We 
used GIS layers of MPB-caused forest mortality, alpine 
vegetation type, and WBP occurrence to create a sam-
pling frame of possible field site locations using ArcMap 
(ESRI 2010). Maps of MPB-caused mortality in the U.S. 
states of Idaho, Montana, and Wyoming were obtained 
from the USDA Forest Service’s Forest Health Protec-
tion aerial Insect and Disease Surveys (IDS; Forest 
Health Protection 2014). IDS data tend to underestimate 
the magnitude of beetle-caused mortality because sur-
veys are not flown everywhere in every year and surveys 
are biased toward recording only recent mortality (1– 
2 yr post-outbreak), as only trees with red needles are 
easily detected (Meddens et al. 2012, Macfarlane et al. 
2013). We used a detailed 2008 aerial survey focused 
specifically on MPB-caused mortality of WBP in the 
Greater Yellowstone Ecosystem that addressed many 
limitations of IDS data in that region (Macfarlane et al. 
2013). We then filtered all mortality data to include only 
polygons where MPB-caused mortality was observed in 
WBP and where these areas overlapped with or were 
adjacent to alpine vegetation recorded in USGS GAP 
land cover layers (U.S. Geological Survey Gap Analysis 
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Program [GAP] 2011). Additionally, we noticed gaps in 
IDS coverage within the range of WBP (range map from 
the Whitebark Pine Ecosystem Foundation 2014; 
Fig. 2a), but where MPB-caused mortality and treelines 
were apparent from stock ESRI World Imagery satellite 
photographs (ESRI 2015). These areas included parts of 
the Selway-Bitterroot, Anaconda-Pintler, and Scapegoat 
designated wilderness areas, and the Flint Creek Range, 
East Pioneer Mountains, and Highland Mountains in 
Montana. We included these areas in the sampling area 
by visually identifying the elevation of the upper edge 
(highest krummholz) of the ATE in ArcMap using satel-
lite imagery and digital elevation models. We then 
defined contour lines that were ~200–300 m in elevation 
below these upper edges. All land area above these con-
tours was added to the sampling area. 
After potential sampling areas had been identified, we 

used stock ESRI World Imagery satellite photos to man-
ually verify that the resulting polygons were in ATE 
habitats (high mountain areas with alpine vegetation 
and apparent growth form changes or forest density gra-
dients typical of treeline), contained WBP (distinctive 
crown shape is visible), and contained evidence of recent 
MPB-caused mortality in the subalpine forests (red or 
grey standing trees). The final sampling frame was a 
~7,480-km2 map area shown as the collection of blue 
polygons in Fig. 2b. 
We selected field sampling locations within the sam-

pling frame by randomly placing 10 sampling points 
using the random point tool in ArcGIS (n = 10; 
Fig. 2b). WBP treeline sites in our study region are 
mainly located in remote settings. Our sample size was 
constrained to 10 because field sampling locations were 
determined independent of accessibility concerns to 
ensure an unbiased sample. We accessed field sites 
through a combination of unimproved 4x4 roads, ATV 
trails, and multiday backpacking trips. All sampling 
points landed within national forest lands administered 
by USDA Forest Service. Three of the 10 landed in fed-
erally designated wilderness areas. At each sampling 
point, we initiated two transects: one at the nearest ATE 
edge and one at the nearest OFE edge. We defined eco-
tone “edges” as the last WBP directly bordering the 
alpine or other non-forest vegetation; Fig. 2c). Thus 
ATE edges were the highest elevation “outpost” krumm-
holz (i.e., the local WBP species limit, sensu K€orner and 
Paulsen 2004) that was visible from satellite imagery. 
The area above the ATEs comprised alpine communities 
of low herbaceous vegetation, graminoids, and rock 
(typically talus or scree). We defined OFEs as WBP for-
est boundaries with non-forest openings that could be 
formed by avalanche paths, forest–meadow interfaces, 
geologic and topographic features, or other forest mar-
gins that are not associated with elevation-related 
boundaries. Non-forest areas beyond OFE edges were at 
least 150 m across and included montane shrublands, 
meadow communities, talus fields, etc. ATE transects 
were oriented downslope perpendicular to the contour 

to capture the elevational transition from krummholz into 
subalpine forest. OFE transects were oriented perpendic-
ular to the WBP edge extending into the forest, regardless 
of the contour. All transects were 50 m wide and 500 m 
long (map distances). Transects were divided along their 
length into twenty contiguous 50 m by 25 m rectangular 
plots (the unit of analysis). After transects were posi-
tioned on the landscape, transect plot outlines were 
ported to a GPS device to guide sampling in the field. 

Field sampling 

Within each of the ATE and OFE transect plots 
(n = 20 plots each) at our 10 sites, we tallied WBP by 
status (live or dead) and by growth form (upright trees 
or krummholz plants). Trees were defined as any WBP 
stems that were at least 3 m tall (regardless of stem 
diameter). Fused stems were considered separate if their 
junction was below 1.4 m from the ground. Krummholz 
were defined as WBP with crowns that were 1 m or more 
across and at least as wide in any horizontal dimension 
as they were tall but were less than 3 m tall. Shorter 
upright stems and smaller krummholz were considered 
saplings or seedlings and were not counted in mortality 
surveys. We made this distinction to avoid assigning the 
krummholz growth form to young individuals that 
might become trees. We later used these classifications to 
calculate the proportion of tree-form WBP in each tran-
sect plot (number of WBP trees/(number of WBP 
trees + WBP krummholz)). 
We recorded cause of death for all dead WBP that 

retained some bark; we assumed that krummholz and 
trees without bark died long before the most recent 
MPB outbreaks. MPB was determined as the cause of 
death by peeling away bark and identifying one or more 
of the following: j-shaped galleries, pitchout evidence, or 
frass (according to USDA Forest Service Common 
Stand Exam criteria; USDA Forest Service 2016). The 
cause of death in WBP that had evidence of both WPBR 
(swollen stems, rodent chewing, and excessive pitch 
bleeding) and MPB attack was assumed to be MPB: 
although WPBR infection may increase the likelihood of 
MPB attack in some cases (Bockino and Tinker 2012), 
the larvae of tree-killing beetles like MPB feed on living 
phloem; thus, a tree with signs of MPB attack was most 
likely killed by the attack, not by WPBR before the 
attack. Cause of death was recorded as “other” if MPB 
evidence was absent. Field sampling was completed in 
July–October 2015 and July–October 2016. We esti-
mated pre-outbreak density of WBP as the sum of both 
live and dead individuals (krummholz and trees) in each 
transect plot. We were unable to sample three plots 
along the OFE transect at the Lemhi site because they 
were located on a cliff. 
At the Gravelly site, we selected an additional, sepa-

rate ATE transect (n = 1) to characterize changes in size 
distributions along an ATEs. This transect was con-
structed identically to the primary mortality transects. 
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FIG. 2. (a) Location of the study area within western North America (blue rectangle, ~418,000-km2 map area), and the range of 
whitebark pine (WBP; gray shading; range map from the Whitebark Pine Ecosystem Foundation 2014). (b) The U.S. Northern 
Rocky Mountains study area in detail (blue rectangle from (a). Blue polygons represent the sampling frame (~7,480-km2 map area), 
areas where there is mountain pine beetle-killed WBP near alpine treeline ecotones (ATEs). Yellow circles are randomly selected 
mortality/survival survey field sites (n = 10). Orange circles represent sites where we also sampled cone and seed production along 
an ATE (n = 3). At each site, we surveyed the status of WBPs along one ATE and one other forest ecotone (OFE) to assess whether 
ATE habitats were refugia from mountain pine beetle outbreaks. Size distribution was measured along one ATE at the Gravelly site. 
(c) Satellite photos (Google Earth) of the Lemhi and Gravelly sites, illustrating sampling design and location of mortality/survival 
transects with respect to ATE edges and OFE edges, respectively. Heavy white lines represent the ecotone edges, the boundaries of 
WBP occurrence. Yellow grids represent transects, with 20 50 9 25 m rectangular plots representing increasing distance from the 
edge. Both ATE and OFE transects were oriented � perpendicular to edges. ATE transects had downslope orientations. OFE tran-
sect orientation was independent of topography. OFEs were formed by meadows, talus slopes, avalanche paths, etc. All transects 
were 50 m wide by 500 m long (map distances). 

We conducted a more intensive tally where we classified 
all WBP of all sizes by height (individuals < 3 m tall; 
i.e., saplings, seedlings, or krummholz) or diameter at 

breast height (dbh; >3 m tall; i.e., upright trees) classes 
as well as status (live or dead). We used a collapsible 
PVC pipe marked with measurement increments to 
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classify WBP into six height classes (0–15, 16–46, 47–76, 
77–107, 108–137, and 137–300 cm) and 11 dbh classes 
(10 cm classes from <10 to >100 cm). We later grouped 
smaller WBP (<3 m tall) into the <10 cm dbh size class. 
We characterized the reproductive contributions of 

WBP populations along ATEs at a subset of three sites 
(Appendix S1: Table S1). To increase sampling density 
within these sites, we established one or two additional 
(peripheral to original mortality transects) ATE tran-
sects (all 50 9 500 m) by choosing the nearest treelines 
from the original sampling points (two or three cone 
count transects at each of three sites; n = 7 transects 
total). Transects were oriented downslope, using the 
methods described above, then divided into 10 
50 9 50 m plots. In each plot of each transect, we 
counted the number of maturing (second year) seed 
cones visible from the ground on all cone-bearing WBP 
using binoculars. We also collected cones to estimate the 
percent viable seed for all cone-bearing WBP that were 
safe to climb or had cone-bearing branches that were 
accessible from the ground (1–7 cones per WBP). We 
caged maturing seed cones along four of the seven cone-
count transects (all three sites represented; Appendix S1: 
Table S1) in July 2016 to protect them from seed preda-
tors and then collected the cones in September–October 
2016. Not all transect plots containing cone-bearing 
WBP had trees that were safe to climb at each site, but 
all 50 9 50 m transect plots were represented with at 
least one cone-bearing WBP across all transects and 
sites. The number of cones collected varied both within 
and across sites. Viability of seeds from each cone was 
estimated using x-ray images (Berdeen et al. 2007). A 
seed was considered viable if an embryo was visible. X-
rays were performed at the USDA Forest Service Nurs-
ery in Coeur d’Alene, Idaho. 

Analyses 

To answer our first question concerning differences in 
mortality rates along ATEs vs. OFEs and subalpine for-
est interiors, we constructed a negative binomial general-
ized linear model predicting the number of MPB-killed 
WBP in each transect plot (25 9 50 m) as a function of 
first- and second-order orthogonal polynomials of dis-
tance from ecotone edge (Fig. 2c; the centroid distance 
of each transect plot from the edge), ecotone type, and 
the interactions between each polynomial term with eco-
tone type (distance 9 ecotone type, distance2 9 ecotone 
type). The polynomial term was added to accommodate 
nonlinearities: in our exploratory data analysis, MPB-
caused mortality appeared to have nonlinear or curvilin-
ear relationships with distance from edge, but the rela-
tionships varied depending on ecotone type. Site was 
included as a random effect to account for between-site 
variability in MPB-caused mortality (e.g., due to differ-
ences in MPB attack pressure and pre-outbreak stand 
density). We specifically accounted for effects of varia-
tion in pre-outbreak WBP density on the number of 

MPB-killed pines by including the natural log of the 
total number of WBP (live + dead) as an offset term in 
our model. The data were not overdispersed relative to 
our model (Pearson’s v 2 = 0.89). We then tested the null 
hypotheses that the number of MPB-killed WBP was 
equivalent for different values or levels of each predictor 
term in the model using a type-II Wald chi-square analy-
sis of deviance test. Transect plots that contained no 
WBP trees or krummholz (live or dead) were removed 
from the data set (30 of 397 total transect plots across all 
10 sites) prior to analyses to avoid the influence of these 
false zeros in the interpretation of effects. 
To assess the reproductive contribution of WBP in 

upper ATE habitats relative to subalpine forests, we 
modeled the relationship between cone count in each 
large transect plot (50 9 50 m) and distance from edge 
with a negative binomial generalized linear mixed 
model, with site (Beartooth, Gravelly, or Lemhi) as a 
random effect. Distance was rescaled and centered for 
this analysis. We tested the null hypothesis that cone 
count was equivalent between distances using a type-II 
Wald Chi-square analysis of deviance test. Seed counts 
were too low in some transect plots across sites (i.e., 
some transect positions were represented at just one site 
due to inability to safely install cages on some WBP) to 
allow meaningful analysis of seed viability or density as 
a function of distance. We give a descriptive interpreta-
tion of these data instead. All analyses were performed 
in the R environment (R Core Team 2020). 
To determine the overall post-outbreak survival sta-

tus of WBP populations across all sites and transects, 
we tested for differences in density of post-outbreak liv-
ing and MPB-killed WBP across whole transects (tran-
sects within sites as the unit of analysis) using 
nonparametric two-sample Wilcoxon signed rank tests 
with status (live vs. MPB-killed) as the grouping factor. 
We performed this test for all transects combined (ATE 
and OFE), for just ATE transects, and for just OFE 
transects to assess the effect of transect type on differ-
ences in density. 
Data and analysis scripts for this study are available at 

Mendeley Data (see Data Availability). 

RESULTS 

MPB-killed WBP were almost non-existent in upper 
ATEs, with mortality becoming more common with 
increased distance from the edge (i.e., downslope into 
the subalpine forest; Fig. 3). Specifically, we observed 
only one krummholz at one site (overall mean � SE of 
0.03% � 0.03% of stems across all sites) that had been 
killed by MPB within 100 m from ATE edges, and 
14.1% � 1.7% dead between 100 and 500 m. MPB-
killed WBP also showed an increasing trend with dis-
tance from edge in OFEs. In contrast with ATEs, how-
ever, mortality in OFEs reached the ecotone edge and 
was higher overall than in ATEs: we observed 
21.4% � 5.2% MPB-killed within 100 m from OFE 
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FIG. 3. Proportion of mountain pine beetle (MBP)-killed whitebark pine (WBP) along alpine treeline ecotones (ATEs; black 
points and line) and other forest ecotones (OFEs; gray points and line; n = 10 sites). Only WBP > 3 m tall (trees) and at least 1 m 
wide 9 1 m tall (krummholz) were considered in this analysis. Smaller WBP were considered seedlings or saplings and were 
excluded. Lines are mean predicted counts of MPB-killed WBP from a negative binomial mixed model shown with 95% confidence 
intervals (reflecting variation in site-specific trends), divided by the median total WBP (live + dead) of all transect plots to reflect 
the results as a proportion. The model predicts the number of MPB-killed WBP in each transect plot as a function of first and sec-
ond- order orthogonal polynomials of distance from ecotone edge, ecotone type, and the interactions between each polynomial 
term with ecotone type (distance 9 ecotone type, distance2 9 ecotone type). Site was included as a random effect and we added the 
log of total WBP as an offset term to control for differences in density among transect plots and sites. The data was not overdis-
persed relative to the negative binomial model (Pearson’s v 2 = 0.89). 

edges and 32.4% � 2.7% between 100 and 500 m, 
although some sites had high mortality near OFE edges 
(75–100%; Fig. 3). These patterns were reflected by a 
significant interactive effect on total MPB-killed WBP 
between distance from edge and ecotone type (v 2 = 45.5, 
df = 2, P < 0.0001, Table 1). 
The pattern in size distributions we observed along the 

additional Gravelly ATE transect mirrored that of our 
general findings: there was a clear pattern of increasing 
mortality with distance from the edge (Fig. 4). This mor-
tality pattern was only apparent in WBP > 10 cm DBH, 
however, coinciding with a sharp increase in density of 
trees this size at ~200 m from the edge. Most of these 
trees >10 cm DBH were dead, and they represented the 
majority of the mortality. Most WBP ≤ 10 cm DBH 
were surviving throughout the ecotone, these included 

some small trees (>3 m tall) and seedlings/saplings of 
any size. 
Upper ATE habitats had lower reproductive output 

than did the subalpine forests below them (in 2016; 
Fig. 5). The upper ATE typically had lower cone density 
(mean � SE; within 100 m from ATE edge: 
16.0 � 9.9 cones/ha) than did lower elevations (100– 
500 m from ATE edge: 317.1 � 64.4 cones/ha), 
although overall cone density varied greatly among sites 
(85–502 cones/ha). These findings were reflected in a 
highly significant effect of distance from edge on cone 
count (v 2 = 29.1, df = 1, P < 0.0001). The data were not 
overdispersed relative to our model (Pearson’s 
v 2 = 0.93). Cone production per cone-bearing WBP var-
ied greatly at all elevations. Although sample sizes were 
low at high elevations, we found no evidence that the 
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TABLE 1. Analysis of deviance table of predictors of the 
proportion of mountain-pine-beetle (MPB)-killed whitebark 
pine in transect plots from a polynomial negative binomial 
generalized linear model. 

Predictor v 2 df P 

poly(dist,2) 49.2 2 <0.001 
ecotone type 19.2 1 <0.001 
poly(dist,2) 9 ecotone type 45.5 2 <0.001 

Notes: Poly(dist,2) refers to first- and second-order orthogo-
nal polynomial terms of distance from ecotone edge along tran-
sects. Ecotone type is the alpine treeline ecotone (ATE) or other 
forest ecotone (OFE). Site is the 10 field sampling sites (Fig. 2). 
The last term is an interaction term between distance and eco-
tone type. 

number of cones per cone-bearing WBP were different 
than at lower elevations (within 100 m from ATE edge: 
6.1 � 2.1 cones/bearing WBP; 100–500 m from ATE 
edge: 8.4 � 0.9 cone/bearing WBP). However, cones at 
high elevations contained fewer viable seeds than those 
at lower elevations (within 100 m from ATE edge: 
12.9 � 5.3 seeds/cone; 100–500 m from ATE edge: 
32.5 � 2.5 seeds/cone; Fig. 5). 

We found an overall higher density of living 
(mean � 1 SE; 286.3 � 72.0 WBP/ha) versus MPB-
killed (62.4 � 16.4 WBP/ha) WBP on a whole-transect 
basis across our study region when including both eco-
tone types (two-sample Wilcoxon signed rank test, 
P = 0.002; Fig. 6). This overall effect was driven mainly 
by differences in live vs. MPB-killed density in ATEs 
(273.2 � 73.2 vs. 40.4 � 8.4 WBP/ha; P = 0.002); there 
was no significant difference in OFEs (299.4 � 128.3 vs. 
84.4 � 31.0 WBP/ha; P = 0.2). Two sites, Beartooth 
and Pioneer, had much higher densities of living than 
dead WBP (both ecotone types combined; by 
346.2 � 89.0 and 1146.8 � 241.6 WBP/ha, respec-
tively). A repeat of the test with those sites removed 
from the data verified that the overall differences were 
still significant (P = 0.02; Table 2). 

DISCUSSION 

Identification of refugia and an understanding of the 
mechanisms that maintain them are important aspects 
of conservation in an era of rapid climate change (Millar 
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FIG. 4. (a) Density (number of individuals/ha) of live (dashed gray lines) and dead (solid black lines) whitebark pine (WBP) in 
two size classes (top plot: krummholz, small trees, saplings, and seedlings < 10cm dbh; bottom plot: trees or krummholz ≥ 10 cm 
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FIG. 5. (a) Cone density, (b) cone production (number of cones produced by each cone-bearing WBP), and (c) viable seed produc-
tion (number of viable seeds per cone) for WBP along alpine treeline ecotones (ATEs) at three sites in the U.S. northern Rocky Moun-
tains (Lemhi, Gravelly, and Beartooth). Values are mean � SE. Numbers in boxes indicate sample size (number of transects plots 
containing cone-bearing trees or where cones were sampled for seed viability analysis) at each distance. Points show estimates for all 
plots containing cone-bearing WBP (b) or where cones were sampled (c). Error bars are absent when there was only one sample. 

et al. 2007, Keppel et al. 2012, Morelli et al. 2016). Our 
findings suggest that populations of krummholz and 
other stunted treeline growth forms may serve as refugia 
for WBP, especially in areas with high pressure from 
MPB. Stunted WBP near the upper edge of ATEs per-
sisted through the most recent climate-related MPB out-
breaks despite mortality in the forests below. This 
pattern was clearly strongest in ATEs, which also have 
unique growth form transitions not found along OFEs. 
These results support the hypothesis that krummholz 
and other small treeline WBP escape MPB because of 

characteristics of their growth forms. Our finding of 
viable seed production in ATEs, although lower than in 
forests below, supports the idea that surviving WBP in 
ATE habitats can be functional “stepping stone” refugia 
(Hannah et al. 2014). Additionally, in our random sam-
ple of subalpine forests of the U.S. Northern Rocky 
Mountains, we found that many more WBP survived 
recent MPB outbreaks than were killed. This unexpected 
finding, given concern for the future of WBP and high 
mortality in some areas, suggests that at least some 
WBP forest populations within this landscape may 
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FIG. 6. Mean density of living (dashed black lines) and mountain-pine-beetle-killed (solid black lines) whitebark pine (WBP) 
along alpine treeline ecotones (ATEs; top plot) and other forest ecotones (OFEs; bottom plot) at n = 10 sites. These data exclude 
seedlings and saplings. Symbol color represents the mean percentage of tree-form (>3 m tall) whitebark pine (in contrast with 
krummholz growth forms; at least 1 m wide and 1 m tall and as wide or wider than tall) at each transect position: white represents 
100% tree-form (0% krummholz) and red 0% tree-form (100% krummholz). Gray bands represent � SE. 

remain stable in the short term, despite the widespread 
MPB impacts throughout the region. 
Several possible mechanisms could enable WBP in the 

upper ATE to escape MPB attack. Stems of WBP in 
ATE habitats (i.e., stunted trees and krummholz) are 
known to have smaller diameters, and at lower densities, 
than in the subalpine forest (as we have shown; also 
Clausen 1965). Proximally, the causes of MPB prefer-
ence for large stems appear to be related to dispersal and 
detection. Smaller-diameter pines that are located near 
trees that the beetles emerge from can be attacked, by 
presenting a larger target than distant small trees 
(Mitchell and Preisler 1991, Perkins and Roberts 2003). 
Small stems combined with greater distance from large 
emergence trees (i.e., low host density) may make WBP 
in ATEs less detectable to MPBs. Additionally, krumm-
holz stems are typically prostrate in stature and are often 
covered in a mat of dense foliage. These attributes may 
make krummholz individuals less likely to be attacked 
by MPB because typical visual cues related to vertical 
bare stems are disrupted (Shepherd 1966, Strom et al. 

1999, Campbell and Borden 2006a, b) or from physical 
blockage of the stem. Another potential mechanism of 
escape from MPB attack is the dilution of pheromone 
signals (or of beetle flight) by wind (Thistle et al. 2004). 
Although all forest edges are likely windier than forest 
interiors, ATE edges are likely even windier than their 
lower elevation counterparts. Conversely, upslope winds 
might facilitate transport of beetles to habitats above 
treeline. 
Besides escaping MPB attack altogether, it is also 

plausible that WBP in the upper ATE can survive attack. 
Lower temperatures in the ATE should reduce beetle 
brood success (Dooley et al. 2014), which could increase 
the chances of WBP survival after attack. Temperatures 
generally decrease with increasing elevation (due to adia-
batic lapse rates; Barry 2008) and MPB developmental 
rates and population dynamics are sensitive to tempera-
ture (Bentz et al. 1991, Logan and Powell 2001, Hicke 
et al. 2006), as is the case for most insects. Unfortu-
nately, we do not have fine-scale temperature data along 
our treeline transects during the outbreaks (~2001–2009; 
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FIG. 7. Cone production in whitebark pines near treeline. (a) Abundant 2018 cone crop on small-diameter and krummholz in 
the Pioneer Mountains, Montana, USA. (b) Current year (2020) and previous year cones on krummholz in the Sierra Nevada 
Mountains, California, USA. Photo credits: C. T. Maher. 

Creeden et al. 2014) and cannot directly evaluate 
whether temperatures were low enough to inhibit larvae 
development. It is also conceivable that growth form 
could play a role in enhancing post-attack survival. If 
phloem thickness is lower in krummholz (not measured 
in this study), for example, this could also reduce MPB 
brood success (Amman 1972, Lahr and Sala 2014). 
However, we observed that krummholz mortality from 
MPB was exceedingly rare; we found only one dead 
krummholz with signs of MPB attack across the 10 field 
sites (834 total krummholz counted). We reason this 
likely indicates krummholz were never attacked: we 
would expect reduced MPB brood success to reduce rel-
ative mortality of krummholz compared to trees, not to 
drive it to zero. However, we were not able to directly 
examine live WBP for signs of attack, and thus cannot 
eliminate this possibility. An improved understanding of 
beetle dispersal, attack density, and larval growth in 
treeline environments, e.g., through further observation, 
beetle trapping, or manipulative experiments, is required 
to further distinguish the mechanisms of WBP survival 
in ATEs. 
Even if WBP in the ATE can currently survive MPB 

outbreaks, these environments will likely not remain sta-
tic indefinitely: some treelines have been observed to 
shift upward in elevation (Harsch et al. 2009). Many 
krummholz ATEs, however, have been found to be 
changing little or not at all (Harsch et al. 2009, Harsch 
and Bader 2011). Still, elevational shifts and changes in 
growth form at krummholz treelines have been docu-
mented (e.g., LaMarche and Mooney 1972, Hessl and 
Baker 1997). It is therefore conceivable that contempo-
rary krummholz may eventually become trees, possibly 

exposing them to MPB attack. However, the develop-
ment of an individual WBP changing growth form from 
krummholz to a larger tree that is vulnerable to MPB 
may take several decades or more. For example, Millar 
et al. (2004) observed a mean age of 37 yr in vertical 
branches (the potential beginnings of trees) emerging 
from WBP krummholz. The development time may be 
sufficient to allow local increases in reproduction and 
establishment of a new krummholz refugia zone upslope 
(where such terrain is available) before a worst-case sce-
nario with heavy mortality in these “new” trees. Addi-
tionally, climate change refugia need not be static, 
instead acting as “slow lanes” that reduce the pace of 
change such that a species can maintain populations in 
the foreseeable future (Morelli et al. 2020). 
The periodic nature of mast seeding in WBP (Crone 

et al. 2011) and the longevity of some krummholz sug-
gests that occasional mast seeding events may allow 
reproductive contributions from ATE habitats over long 
time spans. Populations of long-lived species can have 
low apparent fecundity yet still maintain positive popu-
lation growth due to low mortality rates (Barber 2013). 
In the year that we sampled (2016), overall reproductive 
output was lower in treeline habitats than in the sub-
alpine forest. Nonetheless, our results indicate that 
viable seed production does occur in these habitats, con-
sistent with general observations that reproduction does 
occur at treelines, albeit typically in lower quantity than 
at lower elevations due to the resource costs of reproduc-
tion (K€orner 2012, Sala et al. 2012). Although anecdo-
tal, we observed an abundant cone crops at two 
disparate treeline sites in August 2018 in the Pioneer 
Mountains, Montana, and in July 2020 in the Sierra 
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TABLE 2. Whole-transect results from both ecotone types at each field sample site. 

Proportion of WBP 

Site and ecotone type Tree form Killed by MPB Pre-outbreak WBP density (no./ha) 

Beartooth 
ATE 0.43 � 0.11 0.04 � 0.02 319 � 67.7 
OFE 1.00 � 0.00 0.05 � 0.02 453 � 51.2 

Cedar 
ATE 0.71 � 0.10 0.16 � 0.04 365 � 89.1 
OFE 1.00 � 0.00 0.27 � 0.07 139 � 21.6 

Gravelly 
ATE 0.66 � 0.10 0.14 � 0.05 344 � 75.9 
OFE 1.00 � 0.00 0.85 � 0.04 368 � 78.9 

Hoback 
ATE 0.71 � 0.12 0.17 � 0.06 143 � 53.2 
OFE 1.00 � 0.00 0.74 � 0.06 148 � 24.5 

Lemhi 
ATE 0.64 � 0.09 0.02 � 0.02 242 � 37.5 
OFE 1.00 � 0.00 0.03 � 0.02 285 � 54.8 

Pioneer 
ATE 0.83 � 0.08 0.03 � 0.02 949 � 156.6 
OFE 1.00 � 0.00 0.01 � 0.01 1411 � 105.4 

Snowcrest 
ATE 0.67 � 0.10 0.24 � 0.06 168 � 31.5 
OFE 1.00 � 0.00 0.46 � 0.04 362 � 38.3 

Targhee 
ATE 0.93 � 0.03 0.08 � 0.04 149 � 18.5 
OFE 1.00 � 0.00 0.21 � 0.05 309 � 36.3 

Wind River 
ATE 0.80 � 0.11 0.11 � 0.05 298 � 58.4 
OFE 1.00 � 0.00 0.20 � 0.04 406 � 38.1 

Woodward 
ATE 0.80 � 0.08 0.17 � 0.05 284 � 41.8 
OFE 1.00 � 0.00 0.34 � 0.08 109 � 28.6 

Notes: Values are means � SE. Ecotone type is alpine treeline ecotone (ATE) or other forest ecotone (OFE). Data columns are 
proportion of tree-form whitebark pine (WBP), proportion of WBP killed by mountain pine beetle (MPB), and pre-MPB-outbreak 
density of WBP (number/ha) across transects (n = 20 plots per transect). Proportion tree-form is relative to krummholz growth 
forms. WBP density includes WBP > 3 m tall (trees) and at least 1 m wide 9 1 m tall (krummholz). 

Nevada mountains, California, USA (Fig. 7). It is possi-
ble that if ATEs were the only source of WBP seed, 
Clark’s Nutcrackers could consume the majority of 
these sparse seeds, rather than leaving them to germinate 
in former caches. Yet WBP krummholz can be extremely 
long lived: individuals over 1,700 yr old, much older 
than the oldest known WBP tree (1,267 yr; Perkins and 
Swetnam 1996), have been found in the Sierra Nevada 
mountains, California, USA, persisting via branch-layer-
ing despite multiple losses of the older stems (King and 
Graumlich 1998). Furthermore, there is direct genetic 
evidence of krummholz-origin seed establishment within 
krummholz mats (Rogers et al. 1999). Thus, over longer 
time periods, there may be many opportunities for ATE 
habitats to contribute to WBP populations elsewhere. 
Although treeline habitats may serve as “disturbance 

refugia” (Krawchuk et al. 2020) for WBP populations 
from MPB outbreaks, these habitats are not immune to 
fire (Cansler et al. 2018) and other disturbances. Cansler 

et al. (2016) found some treeline communities are now 
being burned by wildfires. Thus as climates warm, fire 
risk to treeline WBP may also increase (Millar and 
Delany 2019). Smaller-diameter WBP are especially vul-
nerable to mortality from fire (e.g., Keane and Parsons 
2010) but fire poses a potential threat to whole popula-
tions because of low fire tolerance in WBP. In contrast 
with early hypotheses about fire resistance and depen-
dence (e.g., Arno 1986), WBP of all sizes are likely to die 
from any amount of bole scorch (Hood et al. 2008). On 
the other hand, post-MPB outbreak WBP stands may 
be less susceptible to fire than their intact living counter-
parts due to reductions in fine canopy fuels, although 
this effect appears to be mediated by time since MPB 
outbreak (Jenkins 2011, Millar and Delany 2019). 
WBP of all sizes and ages are also vulnerable to white 

pine blister rust (WPBR) infections (Tomback et al. 
1995), although several studies indicate the population 
effects of this disease are smaller than those of MPB. 
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Although we did not quantify WPBR infections in our 
study, the disease has been documented in krummholz 
(Resler and Tomback 2008). However, a 12-yr demo-
graphic analysis of WBP populations in Crater Lake 
National Park, Oregon, USA, found that MPB, not 
WPBR, lowered population growth rates, despite a 
nearly 45% WPBR infection rate by the end of the study 
(Jules et al. 2016). Maloney et al. (2012) similarly found 
that WBP populations in the Lake Tahoe Basin, Califor-
nia, USA were stable due to high survivorship despite a 
35% (range 1–65%) mean WPBR infection rate. 
Although demographic effects of WPBR may be greater 
elsewhere, like the Crown of the Continent ecosystem 
(northwest Montana, USA into the Canadian provinces 
of British Colombia and Alberta) with ~80% of WBP 
infected (Smith et al. 2013), they indicate that MPB out-
breaks can present a more acute and severe threat to 
WBP populations than WPBR. However, these studies 
documented increasing infection rates, suggesting that 
WPBR could become a more important factor. 
Surviving WBP below treeline may have short-term 

positive effects on populations, given their greater abun-
dance and reproductive potential than treeline WBP. 
Although we could not document size distributions 
across our study area, we did observe that survivors in 
the most heavily impacted forests were more often smal-
ler diameter saplings (all WBP ≥ 9 m tall were counted 
as trees). Our single size transect also reflected this pat-
tern (Fig. 4). Previous studies used basal area to infer 
massive WBP population declines after MPB outbreaks 
(e.g., Kegley et al. 2011, Goeking and Izlar 2018). Basal 
area, however, is a misleading indicator of demographic 
processes, because basal area will decline exponentially 
with the loss of a few large trees even with survival of 
large numbers of smaller trees. Counter to the intuitive 
focus on large trees, Jules et al. (2016) found that growth 
rates of WBP populations were most sensitive to num-
bers of WBP in the 0.01–10 cm DBH size class, which 
had the highest survivorship in their study stands. 
Beyond this WBP–MPB system, our study suggests the 

possibility that refugia for plant populations may exist in 
marginal habitats where the environment induces pheno-
typic changes to plants that also affect the species’ sus-
ceptibility to phytophagous insects. There are other 
examples from the literature that further indicate this 
possibility. For example, Piper and Fajardo (2014) 
reported a sharp elevation boundary in defoliation of 
southern beech (Nothofagus pumilio (Poepp. & Endl.) 
Krasser) in Chilean Patagonia caused by caterpillars of 
the moth Ormiscodes amphimone Fabricius, which they 
attributed to an elevation-related thermal threshold of 
that particular caterpillar. Earlier experimental work by 
Garibaldi et al. (2011) revealed that smaller leaves in N. 
pumilio associated with increasing elevation was an 
important mechanism in reducing folivore damage. Thus, 
phenotypic plasticity, e.g., a species’ ability to assume dif-
ferent growth forms depending on the environment, may 
be a crucial factor. Evolutionary theory predicts that 

phenotpyic plasticity may have important adaptive signif-
icance for species success in marginal environments (Che-
vin and Lande 2011). For example, a pattern of reduced 
bark beetle-caused mortality near white spruce (Picea 
glauca) treelines was observed at some sites in the Yukon 
Territory, Canada, although the most impacted site had 
mortality through the treeline ecotone (Mazzocato 2015). 
Although white spruce does form krummholz (e.g., Cac-
cianiga and Payette 2006), it does not often form exten-
sive dense krummholz patches as in WBP and generally 
exhibits less variation in growth form (C. Maher, personal 
observation). Patterns like the one we observed are clearly 
not universal to treelines, rather they may be species spe-
cific. Identifying marginal habitats as refugia require 
both an identification of a pattern of survival, but also an 
understanding of the mechanisms that produce the pat-
tern, as we attempted in this study. 

CONCLUSIONS AND MANAGEMENT IMPLICATIONS FOR 

WHITEBARK PINE 

ATE habitats afford potential climate change refugia 
for WBP from MPB attacks. The krummholz and 
stunted trees that exist in these high mountain popula-
tions are a mechanism by which WBP could remain in a 
landscape over long time scales as climate change causes 
fluctuations in disturbance regimes. Furthermore, MPB-
impacted forests with surviving WBP may retain popula-
tions, due in part to the growth potential of small-diam-
eter individuals. These populations are likely to persist 
because insect outbreaks tend to be episodic, i.e., the 
degree of mortality pressure on tree populations might 
not be constant into the future, allowing some recovery 
between outbreaks. It further suggests that there may 
not be a need for management intervention in some 
locations, and that some management actions may be 
especially harmful, e.g., the use of prescribed fire where 
survivors are smaller trees, saplings, and seedlings. While 
uncertainty remains about the future of survivors in sub-
alpine forests below the treeline, WBP in ATEs may 
allow for population persistence and may eventually 
contribute to population recovery in other habitats. 
Our findings suggest that ATE habitats should be con-

sidered valuable attributes of management units contain-
ing WBP. While many common management actions 
(e.g., silviculture or fuels treatments) might not be appli-
cable directly in ATE habitats, planting WPBR-resistant 
seedlings or directly sowing seeds is possible (Keane 
2018), if appropriate given the sensitivity of these envi-
ronments or their status as federally designated Wilder-
ness (Tomback 2014). Given that planting WPBR-
resistant seedlings is projected to have benefits over cen-
turies, not decades (Keane et al. 2017), it makes sense to 
ensure that resistant genotypes are represented in tree-
line environments where WBP also have the best chance 
of surviving future MPB outbreaks. Additionally, 
because treelines are an important front of climate 
change, promoting and maintaining already MPB-
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resistant ATE populations of WBP that are also resis-
tant to WPBR will be an important aspect of ensuring 
the species’ success into the future. 

ACKNOWLEDGMENTS 

Funding for this research was provided by grants from the 
Montana Institute on Ecosystems, the Whitebark Pine Ecosys-
tem Foundation, and the Associated Students of the Univer-
sity of Montana as well as the NIFA McIntire-Stennis 
Cooperative Forestry Program [project accession no. 225109] 
from the USDA National Institute of Food and Agriculture. 
We thank David Foushee and Kevin Egan at the USDA For-
est Service Coeur d’Alene Nursery for seed x-rays and for pro-
viding guidance on identifying viable seed from x-ray imagery. 
Wally Macfarlane generously shared GIS data on mountain 
pine beetle impacts in WBP forests of the Greater Yellowstone 
Ecosystem. We thank Cullen Weisbrod, Jesse Bunker, Alyssa 
Hands, Haley Wiggins, Michael Fazekas, and Danica Born-
Ropp for their help field sampling. We thank two anonymous 
reviewers for insightful comments. The authors declare no 
conflicts of interest. 

LITERATURE CITED 

Allen, C. D., et al. 2010. A global overview of drought and 
heat-induced tree mortality reveals emerging climate change 
risks for forests. Forest Ecology and Management 259:660– 
684. 

Amman, G. D. 1972. Mountain pine beetle brood production in 
relation to thickness of lodgepole pine phloem. Journal of 
Economic Entomology 65:138–140. 

Anderegg, W. R. L., et al. 2015. Tree mortality from drought, 
insects, and their interactions in a changing climate. New 
Phytologist 208:674–683. 

Arno, S. F. 1984. Timberline: mountain and arctic forest fron-
tiers. Mountaineers Books, Seattle, Washington, USA. 

Arno, S. F. 1986. Whitebark pine cone crops—a diminishing 
source of wildlife food? Western Journal of Applied Forestry 
1:92–94. 

Arno, S. F., and R. J. Hoff. 1989. Silvics of whitebark pine 
(Pinus albicaulis). General Technical Report INT-253. USDA 
Forest Service Intermountain Research Station, Ogden, 
Utah, USA. 

Barber, A. L. 2013. Physiology and early life-history associated 
with extreme longevity: an investigation of Pinus longaeva 
(Great Basin bristlecone pine). Dissertation. University of 
California, Santa Cruz, California, USA. 

Barry, R. G. 2008. Mountain weather and climate. Third edi-
tion. Cambridge University Press, New York, New York, 
USA. 

Baskett, M. L. 2006. Prey size refugia and trophic cascades in 
marine reserves. Marine Ecology Progress Series 328:285– 
293. 

Bentz, B. J., J. A. Logan, and G. D. Amman. 1991. Tempera-
ture-dependent development of the mountain pine beetle 
(Coleoptera: Scolytidae) and simulation of its phenology. 
Canadian Entomolgist 123:1083–1094. 

Berdeen, J. C., L. E. Riley, and R. S. Sniezko. 2007. Whitebark 
pine seed storage and germination: a follow-up look at seed-
lots from Oregon and Washington. Pages 113–121 in White-
bark pine: a Pacific coast perspective, R6-NR-FHP-2007-01. 
USDA Forest Service, Pacific Northwest Region, Portland, 
OR, USA. 

Bockino, N. K., and D. B. Tinker. 2012. Interactions of white 
pine blister rust and mountain pine beetle in whitebark pine 

ecosystems in the southern greater Yellowstone Area. Natural 
Areas Journal 32:31–40. 

Caccianiga, M., and S. Payette. 2006. Recent advance of white 
spruce (Picea glauca) in the coastal tundra of the eastern 
shore of Hudson Bay (Quebec, Canada). Journal of Biogeog-
raphy 33:2120–2135. 

Cadenasso, M. L., and S. T. A. Pickett. 2000. Linking forest 
edge structure to edge function: mediation of herbivore dam-
age. Journal of Ecology 88:31–44. 

Campbell, S. A., and J. H. Borden. 2006a. Close-range, in-flight 
integration of olfactory and visual information by a host-
seeking bark beetle. Entomologia Experimentalis et Applicata 
120:91–98. 

Campbell, S. A., and J. H. Borden. 2006b. Integration of visual 
and olfactory cues of hosts and non-hosts by three bark bee-
tles (Coleoptera: Scolytidae). Ecological Entomology 31:437– 
449. 

Cansler, C. A., D. Mckenzie, and C. B. Halpern. 2016. Area 
burned in alpine treeline ecotones reflects region-wide trends. 
International Journal of Wildland Fire 25:1209–1220. 

Cansler, C. A., D. McKenzie, and C. B. Halpern. 2018. Fire 
enhances the complexity of forest structure in alpine treeline 
ecotones. Ecosphere 9:e02091. 

Chang, T., A. J. Hansen, and N. Piekielek. 2014. Patterns and 
variability of projected bioclimatic habitat for Pinus albicaulis 
in the greater Yellowstone Area. PLoS ONE 9:e111669. 

Chevin, L. M., and R. Lande. 2011. Adaptation to marginal 
habitats by evolution of increased phenotypic plasticity. Jour-
nal of Evolutionary Biology 24:1462–1476. 

Clausen, J. 1965. Population studies of alpine and subalpine 
races of conifers and willows in the California High Sierra 
Nevada. Evolution 19:56–68. 

Cole, W. E., and G. D. Amman. 1969. Mountain pine beetle 
infestations in relation to lodgepole pine diameters. Research 
Note INT-95. USDA Forest Service Intermountain Range 
and Experiment Station, Ogden, Utah, USA. 

COSEWIC. 2010. COSEWIC Assesment and status report on 
the whitebark pine (Pinus albicaulis) in Canada. www.sarare 
gistry.gc.ca/status/status_e.cfm 

Creeden, E. P., J. A. Hicke, and P. C. Buotte. 2014. Climate, 
weather, and recent mountain pine beetle outbreaks in the 
western United States. Forest Ecology and Management 
312:239–251. 

Crone, E. E., E. J. B. McIntire, and J. Brodie. 2011. What 
defines mast seeding? Spatio-temporal patterns of cone pro-
duction by whitebark pine. Journal of Ecology 99:438–444. 

Dooley, E. M., D. L. Six, and J. A. Powell. 2014. A Comparison 
of mountain pine beetle (Coleoptera: Curculionidae, Scolyti-
nae) productivity and survival in lodgepole and whitebark 
pine after a region-wide cold weather event. Forest Science 
60:1–12. 

ESRI (Environmental Systems Resource Institute). 2010. Arc-
GIS. ESRI, Redlands, California, USA. 

ESRI (Environmental Systems Resource Institute). 2015. World 
imagery. http://goto.arcgisonline.com/maps/World_Imagery 

Forest Health Protection. 2014. Insect and Disease Detection 
Survey Database (IDS). Digital data. U.S. Department of 
Agriculture, Forest Service, Forest Health Technology Enter-
prise Team, Fort Collins, Colorado, USA. http://foresthea 
lth.fs.usda.gov/ids 

Foundation, W. P. E. 2014. Whitebark pine and limber pine 
range maps. https://whitebarkfound.org/resources/maps/ 

Garibaldi, L. A., T. Kitzberger, and E. J. Chaneton. 2011. Envi-
ronmental and genetic control of insect abundance and her-
bivory along a forest elevational gradient. Oecologia 
167:117–129. 

http://www.sararegistry.gc.ca/status/status_e.cfm
http://www.sararegistry.gc.ca/status/status_e.cfm
http://goto.arcgisonline.com/maps/World_Imagery
http://foresthealth.fs.usda.gov/ids
http://foresthealth.fs.usda.gov/ids
https://whitebarkfound.org/resources/maps/


April 2021 TREELINE REFUGIA FROM BARK BEETLES Article e02274; page 15 

Goeking, S. A., and D. K. Izlar. 2018. Pinus albicaulis Engelm. 
(Whitebark Pine) in mixed-species stands throughout its US 
range: Broad-scale indicators of extent and recent decline. 
Forests 9:131–147. 

Griggs, R. F. 1946. The timberlines of northern America and 
their interpretation. Ecology 27:275–289. 

Hannah, L., L. Flint, A. D. Syphard, M. A. Moritz, L. B. Buck-
ley, and I. M. McCullough. 2014. Fine-grain modeling of spe-
cies’ response to climate change: holdouts, stepping-stones, 
and microrefugia. Trends in Ecology & Evolution 29:390– 
397. 

Harsch, M. A., and M. Y. Bader. 2011. Treeline form - a poten-
tial key to understanding treeline dynamics. Global Ecology 
and Biogeography 20:582–596. 

Harsch, M. A., P. E. Hulme, M. S. McGlone, and R. P. Duncan. 
2009. Are treelines advancing? A global meta-analysis of tree-
line response to climate warming. Ecology Letters 12:1040– 
1049. 

Hessl, A. E., and W. L. Baker. 1997. Spruce-fir growth form 
changes in the forest-tundra ecotone of rocky mountain 
National Park, Colorado, USA. Ecography 20:356–367. 

Hicke, J. A., J. A. Logan, J. Powell, and D. S. Ojima. 2006. 
Changing temperatures influence suitability for modeled 
mountain pine beetle (Dendroctonus ponderosae) outbreaks in 
the western United States. Journal of Geophysical Research: 
Biogeosciences 111:1–12. 

Hood, S. M., D. R. Cluck, S. L. Smith, and K. C. Ryan. 2008. 
Using bark char codes to predict post-fire cambium mortal-
ity. Fire Ecology 4:57–73. 

Hutchins, H. E., and R. M. Lanner. 1982. The central role of 
Clark’s nutcracker in the dispersal and establishment of 
whitebark pine. Oecologia 55:192–201. 

Jenkins, M. J. 2011. Fuel and fire behavior in high-elevation 
five-needle pines affected by mountain pine beetle. Pages 
190–197 in The future of high-elevation, five-needle white 
pines in western North America: Proceedings of the High 
Five Symposium. 28–30 June 2010. Proceedings RMRS-P-63. 
USDA Forest Service, Missoula, Montana, USA. 

Jules, E. S., J. I. Jackson, P. J. van Mantgem, J. S. Beck, M. P. 
Murray, and E. A. Sahara. 2016. The relative contributions 
of disease and insects in the decline of a long-lived tree: a 
stochastic demographic model of whitebark pine (Pinus albi-
caulis). Forest Ecology and Management 381:144–156. 

Kavousi, J. 2019. Biological interactions: The overlooked 
aspects of marine climate change refugia. Global Change 
Biology 25:3571–3573. 

Keane, R. E. 2018. Managing wildfire for whitebark pine 
ecosystem restoration in western North America. Forests 
9:648. 

Keane, R. E., L. M. Holsinger, M. F. Mahalovich, and D. F. 
Tomback. 2017. Restoring whitebark pine ecosystems in the 
face of climate change. General Technical Report RMRS-
GTR-36. USDA Forest Service, Rocky Mountain Research 
Station, Fort Collins, CO, USA. 

Keane, R. E., and R. Parsons. 2010. Restoring whitebark pine 
forests of the northern rocky mountains, USA. Ecological 
Restoration 28:56–70. 

Kegley, S., J. Schwandt, K. Gibson, and D. Perkins. 2011. 
Health of whitebark pine forests after mountain pine beetle 
outbreaks. Pages 85–93 in R. E. Keane, D. F. Tomback, M. P. 
Murray, and C. M. Smith, editors. The future of high-eleva-
tion, five-needle white pines in western North America: Pro-
ceedings of the High Five Symposium. 28–30 June 2010. 
Proceedings RMRS-P-63. USDA Forest Service, Missoula, 
Montana, USA. 

Keppel, G., K. P. Van Niel, G. W. Wardell-Johnson, C. J. Yates, 
M. Byrne, L. Mucina, A. G. T. Schut, S. D. Hopper, and S. E. 

Franklin. 2012. Refugia: Identifying and understanding safe 
havens for biodiversity under climate change. Global Ecology 
and Biogeography 21:393–404. 

King, J. C., and L. J. Graumlich. 1998. Stem-layering and genet 
longevity in whitebark pine (Pinus albicaulis): a final report 
on cooperative research with the National Park Service (CA 
8000-2-9001). The Univeristy of Arizona Laboratory of Tree-
Ring Research, Tucson, AZ, USA. 

K€orner, C. 2012. Alpine treelines: functional ecology of the glo-
bal high elevation tree limits. Springer Basel, Basel, Switzer-
land. 

K€orner, C., and J. Paulsen. 2004. A world-wide study of high 
altitude treeline temperatures. Journal of Biogeography 
31:713–732. 

Krawchuk, M. A., G. W. Meigs, J. M. Cartwright, J. D. Coop, 
R. Davis, A. Holz, C. Kolden, and A. J. H. Meddens. 2020. 
Disturbance refugia within mosaics of forest fire, drought, 
and insect outbreaks. Frontiers in Ecology and the Environ-
ment 18:235–244. 

Lahr, E. C., and A. Sala. 2014. Species, elevation, and diameter 
affect whitebark pine and lodgepole pine stored resources in 
the sapwood and phloem: implications for bark beetle out-
breaks. Canadian Journal of Forest Research 44:1312–1319. 

LaMarche, V. C., and H. A. Mooney. 1972. Recent climatic 
change and development of the bristlecone pine (P. longaeva 
Bailey) Krummholz Zone, Mt. Washington, Nevada. Arctic 
and Alpine Research 4:61–72. 

Lawler, J. J., D. D. Ackerly, C. M. Albano, M. G. Anderson, S. 
Z. Dobrowski, J. L. Gill, N. E. Heller, R. L. Pressey, E. W. 
Sanderson, and S. B. Weiss. 2015. The theory behind, and the 
challenges of, conserving nature’s stage in a time of rapid 
change. Conservation Biology 29:618–629. 

Logan, J. A., W. W. MacFarlane, and L. Willcox. 2010. White-
bark pine vulnerability to climate-driven mountain pine bee-
tle disturbance in the Greater Yellowstone Ecosystem. 
Ecological Applications 20:895–902. 

Logan, J. A., and J. A. Powell. 2001. Ghost forests, global 
warming, and the mountain pine beetle (Coleoptera: Scolyti-
dae). American Entomologist 47:160–173. 

Lorenz, T. J., K. A. Sullivan, A. V. Bakian, and C. A. Aubry. 
2011. Cache-site selection in Clark’s Nutcracker (Nucifraga 
columbiana). Auk 128:237–247. 

Macfarlane, W. W., J. A. Logan, and W. R. Kern. 2013. An 
innovative aerial assessment of Greater Yellowstone Ecosys-
tem mountain pine beetle-caused whitebark pine mortality. 
Ecological Applications 23:421–437. 

Mahalovich, M. F., and L. Stritch. 2013. Pinus albicaulis: The 
IUCN Red List of Threatened Species 2013: 
e.T39049A2885918. https://doi.org/10.2305/IUCN.UK.2013-
1.RLTS.T39049A2885918.en 

Maher, C. T.2020. Alpine treeline ecotones are potential refugia 
for a montane pine species threatened by bark beetle out-
breaks, Mendeley Data, Dataset. https://doi.org/10.17632/ 
j2zhdc8rtz.1 

Maloney, P. E., D. R. Vogler, C. E. Jensen, and A. Delfino Mix. 
2012. Ecology of whitebark pine populations in relation to 
white pine blister rust infection in subalpine forests of the 
Lake Tahoe Basin, USA: Implications for restoration. Forest 
Ecology and Management 280:166–175. 

Mazzocato, M. L. 2015. Spruce bark beetle disturbance in the 
forest-tundra ecotones of southwest Yukon: impacts and pre-
disposing factors. Thesis. Queen’s University Kingston, 
Ontario, Canada. 

Meddens, A. J. H., J. A. Hicke, and C. A. Ferguson. 2012. Spa-
tiotemporal patterns of observed bark beetle-caused tree mor-
tality in British Columbia and the western United States. 
Ecological Applications 22:1876–1891. 

https://doi.org/10.2305/IUCN.UK.2013-1.RLTS.T39049A2885918.en
https://doi.org/10.2305/IUCN.UK.2013-1.RLTS.T39049A2885918.en
https://doi.org/10.17632/j2zhdc8rtz.1
https://doi.org/10.17632/j2zhdc8rtz.1


Ecological Applications 
Article e02274; page 16 COLIN T. MAHER ET AL. Vol. 31, No. 3 

Meyer, M. D., B. Bulaon, M. Mackenzie, and H. D. Safford. 
2016. Mortality, structure, and regeneration in whitebark pine 
stands impacted by mountain pine beetle in the southern Sierra 
Nevada. Canadian Journal of Forest Research 581:572–581. 

Michalak, J. L., D. Stralberg, J. M. Cartwright, and J. J. Lawler. 
2020. Combining physical and species-based approaches 
improves refugia identification. Frontiers in Ecology and the 
Environment 18:254–260. 

Millar, C. I., and D. L. Delany. 2019. Interaction between 
mountain pine beetle-caused tree mortality and fire behavior 
in subalpine whitebark pine forests, eastern Sierra Nevada, 
CA; Retrospective observations. Forest Ecology and Manage-
ment 447:195–202. 

Millar, C. I., and N. L. Stephenson. 2015. Temperate forest 
health in an era of emerging megadisturbance. Science 
349:823–826. 

Millar, C. I., N. L. Stephenson, and S. L. Stephens. 2007. Cli-
mate change and forests of the future: managing in the face 
of uncertainty. Ecological Applications 17:2145–2151. 

Millar, C. I., R. D. Westfall, D. L. Delany, J. C. King, and L. J. 
Graumlich. 2004. Response of subalpine conifers in the Sierra 
Nevada, California, U.S.A., to 20th-century warming and 
decadal climate variability. Arctic, Antarctic, and Alpine 
Research 36:181–200. 

Mitchell, R. G., and H. K. Preisler. 1991. Analysis of spatial 
patterns of lodgepole pine attacked by outbreak populations 
of the mountain pine beetle. Forest Science 37:1390–1408. 

Morelli, T. L., et al. 2016. Managing climate change refugia for 
climate adaptation. PLoS ONE 11:1–17. 

Morelli, T. L., et al. 2020. Climate-change refugia: biodiversity 
in the slow lane. Frontiers in Ecology and the Environment 
18:228–234. 

Perkins, D. L., and D. W. Roberts. 2003. Predictive models of 
whitebark pine mortality from mountain pine beetle. Forest 
Ecology and Management 174:495–510. 

Perkins, D. L., and T. W. Swetnam. 1996. A dendroecological 
assessment of whitebark pine in the Sawtooth-Salmon River 
region, Idaho. Canadian Journal of Forest Research 26:2123– 
2133. 

Pfister, R. D., B. L. Kovalchik, S. F. Arno, and R. C. Presby. 
1977. Forest Habitat Types of Montana. General Technical 
Report INT-34. USDA Forest Service, Ogden, Utah, USA. 

Piper, F. I., and A. Fajardo. 2014. Foliar habit, tolerance to 
defoliation and their link to carbon and nitrogen storage. 
Journal of Ecology 102:1101–1111. 

R Core Team. 2020. R: A language and environment for statisti-
cal computing. R Foundation for Statistical Computing, 
Vienna, Austria. 

Raffa, K. F., E. N. Powell, and P. A. Townsend. 2013. Tempera-
ture-driven range expansion of an irruptive insect heightened 
by weakly coevolved plant defenses. Proceedings of the 
National Academy of Sciences USA 110:2193–2198. 

Resler, L. M., and D. F. Tomback. 2008. Blister rust prevalence 
in Krummholz whitebark pine: implications for treeline 

dynamics, Northern Rocky Mountains, Montana, U.S.A. 
Arctic, Antarctic, and Alpine Research 40:161–170. 

Rogers, D. L., C. I. Millar, and R. D. Westfall. 1999. Fine-scale 
genetic structure of Whitebark pine (Pinus albicaulis): associ-
ations with watershed and growth form. Evolution 53:74–90. 

Sala, A., K. Hopping, E. J. B. McIntire, S. Delzon, and E. E. 
Crone. 2012. Masting in whitebark pine (Pinus albicaulis) 
depletes stored nutrients. New Phytologist 196:189–199. 

Shepherd, R. F. 1966. Factors influencing the orientation and 
rates of activity of Dendroctonus poderosae Hopkins (Coleop-
tera: Scolytidae). Canadian Entomologist 98:507–518. 

Smith, C. M., B. Shepherd, C. Gillies, and J. Stuart-Smith. 
2013. Changes in blister rust infection and mortality in white-
bark pine over time. Canadian Journal of Forest Research 
43:90–96. 

Stephens, S .L., B. M. Collins, C. J. Fettig, M. A. Finney, C. M. 
Hoffman, E. E. Knapp, M.P. North, H.D. Safford, and R. B. 
Wayman. 2018. Drought, tree mortality, and wildfire in for-
ests adapted to frequent fire. BioScience 65:77–88. 

Strom, B. L., L. M. Roton, R. A. Goyer, and J. R. Meeker. 
1999. Visual and semiochemical disruption of host finding in 
the southern pine beetle. Ecological Applications 9:1028– 
1038. 

Thistle, H. W., H. Peterson, G. Allwine, B. Lamb, T. Strand, E. 
H. Holsten, and P. J. Shea. 2004. Surrogate pheromone 
plumes in three forest trunk spaces: composite statistics and 
case studies. Forest Science 50:610–625. 

Tomback, D. F. 1982. Dispersal of whitebark pine seeds by 
Clark’s Nutcracker: a mutualism hypothesis. Journal of Ani-
mal Ecology 51:451–467. 

Tomback, D. F. 2014. The wilderness act and whitebark pine. 
Nutcracker Notes 27:1–2. 

Tomback, D. F., J. K. Clary, J. Koehler, R. J. Hoff, and S. F. 
Arno. 1995. The effects of blister rust on post-fire regenera-
tion of Whitebark pine: the Sundance burn of northern Idaho 
(U.S.A.). Conservation Biology 9:654–664. 

Tranquillini, W. 1979. Physiological ecology of the alpine tim-
berline. Springer, Berlin, Germany. 

U.S. Geological Survey Gap Analysis Program (GAP). 2011. 
National Land Cover, Version 2. https://www.usgs.gov/core-
science-systems/science-analytics-and-synthesis/gap/science/la 
nd-cover-data-download?qt-science_center_objects=0qt-scie 
nce_center_objects 

USDA Forest Service. 2016. Region One vegetation classifica-
tion, mapping, inventory and analysis report: common stand 
exam and inventory and monitoring field guide. https://www.f 
s.fed.us/nrm/fsveg/index.shtml 

USFWS. 2011. Endangered and threatened wildlife and plants; 
12-month finding on a petition to list Pinus albicaulis as 
endangered or threatened with critical habitat. Federal Regis-
ter 76:42631–42654. 

van Mantgem, P. J., et al. 2009. Widespread increase of tree 
mortality rates in the western United States. Science 323:521– 
524. 

SUPPORTING INFORMATION 

Additional supporting information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/eap.2274/full 

DATA AVAILABILITY 

Data are available from Mendeley Data (Maher 2020): http://dx.doi.org/10.17632/j2zhdc8rtz.1 

https://www.usgs.gov/core-science-systems/science-analytics-and-synthesis/gap/science/land-cover-data-download?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/core-science-systems/science-analytics-and-synthesis/gap/science/land-cover-data-download?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/core-science-systems/science-analytics-and-synthesis/gap/science/land-cover-data-download?qt-science_center_objects=0#qt-science_center_objects
https://www.usgs.gov/core-science-systems/science-analytics-and-synthesis/gap/science/land-cover-data-download?qt-science_center_objects=0#qt-science_center_objects
https://www.fs.fed.us/nrm/fsveg/index.shtml
https://www.fs.fed.us/nrm/fsveg/index.shtml
http://onlinelibrary.wiley.com/doi/10.1002/eap.2274/full
http://dx.doi.org/10.17632/j2zhdc8rtz.1



