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Abstract: Whitebark pine (Pinus albicaulis Engelm.) is a widely distributed high-elevation species in
western North America that is threatened primarily by an introduced disease and other disturbances.
In British Columbia, this tree is a component of harvested forests, yet knowledge of post-harvest
survivorship and factors that promote successful retention is lacking. Our objectives are to describe
the temporal attrition of retained mature whitebark pine trees and to identify factors that likely
influence survivorship during the critical initial post-harvest period. We assessed five separate
harvest units in southeastern British Columbia. Dendrochronological investigation revealed that
retained trees experienced high annual mortality rates (3–16%) across harvest sites during the initial
five-year post-harvest period. By eight years post-harvest, retention survivorship ranged from
17–80%. After eight years post-harvest, mortality rates drastically declined. The preponderance
of fallen stems oriented towards the northeast suggests that storm system events arriving from
the Pacific Ocean are the most significant drivers of blowdown. We estimate that survivorship is
positively associated with shorter tree heights and longer crown lengths, a lack of disease cankers, a
greater presence of rodent wounding, and higher numbers of surrounding retained trees. We found
little effect based on slope and aspect. As these trees are an endangered species, harvest operations
should be practiced cautiously in associated forests. We recommend carefully selecting retention
trees, ensuring an adequate number of neighbor trees, and orienting retention patches to avoid
predominant storm wind directions.

Keywords: whitebark pine; Pinus albicaulis; harvest retention; post-harvest mortality; forest conser-
vation; windthrow

1. Introduction

Whitebark pine (Pinus albicaulis Engelm.), which is widely distributed at higher eleva-
tions in western North America, affords notable ecological and cultural services. This tree
is a renowned habitat asset for a variety of wildlife, including grizzly bears (Ursus arctos
horribilis Ord), foxes (Vulpes vulpes Linnaeus), and Clark’s nutcrackers (Nucifraga columbiana
Wilson), which consume the large nutrient-rich seeds [1–3]. Historically, whitebark pine
has helped sustain the food demands of high-elevation human communities [4]. At the
highest elevations of the tree’s existence, whitebark pine stabilises shallow steep soils and
provides stunted wind-battered forms that are popular among photographers and which
provide attractive weather-sheltering campsites.

In 2012, whitebark pine was listed as an endangered species, thus becoming the
only designated tree in western Canada [5]. It is also classified as endangered by the
International Union for Conservation of Nature [6]. The primary driver responsible for
declining populations of whitebark pine is the disease white pine blister rust, caused by
the introduced fungus Cronartium ribicola Fischer. During the last two decades, whitebark
pine has also been under increasing pressure from the mountain pine beetle (Dendroctonus
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ponderosae Hopkins) and shifting fire regimes. In southeastern British Columbia (BC) and
neighboring Alberta, Smith and others [7] estimated that blister rust infections were rising
in the region, with tree mortality levels increasing from 26% to 65% between 1996 and 2009.
Although blister rust is evident throughout most of its range, this region, including the
adjoining Northern Rocky Mountains of USA, is the most heavily impacted [7–9].

In southern BC, whitebark pine trees are common in subalpine mixed-conifer forests—
a major portion of the publicly owned timber harvest land base. The most abundant
associated tree species are Engelmann spruce (Picea engelmannii Parry ex Engelm.) and
subalpine fir (Abies lasiocarpa (Hook.) Nutt.). Whitebark pines increase in abundance with
elevations from 1600 to 2100 m. Above 2100 m, stand volumes decrease drastically due
to lower growth rates and stem densities. A gradual increase in harvest acreage above
1800 m elevation began in 2008 in the Kootenay Boundary Region. Scrutiny regarding
high-elevation harvesting, especially within forests containing endangered tree species,
emphasises the socio-ecological risk of such pursuits [10,11]. As a mitigation measure, the
long-term retention of mature trees can ensure that ecological values are better protected,
such as biodiversity, soil health, and hydrologic function.

The persistence of healthy cone-producing whitebark pine is not only beneficial for
ecological services, but critical for sustaining this endangered species. Disease-free mature
individuals may display host resistance to white pine blister rust [12,13] and represent seed
sources for potentially disease-resistant genotypes—serving as progenitors for successful
natural regeneration and self-sustainment [14].

Knowledge regarding the fate of mature coniferous trees retained during harvest
operations is relatively recent. Preliminary findings from multiple studies suggest that the
number of residual white spruce (P. glauca (Moench) Voss) and black spruce (P. mariana
(Mill.) Britton, Sterns and Poggenb.) dying is often significant, especially during the initial
post-harvest period [15]. A major determining factor for survivorship appears to be the
retention level, also referred to as the density and/or basal area of post-harvest residual
stems. Higher levels create more wind buffering among trees. Other variables that can
affect survivorship include tree species, distance to forest edge, and tree morphology (stem
diameter and live crown ratio) [16–19]. Pre-harvest stand conditions can influence tree
morphology, as narrowly spaced conditions promote a slender, top-heavy structure, which
are characteristics of trees that are vulnerable to windthrow [20]. We are not aware of any
harvests in open-canopied whitebark pine stands. Such forest stands tend to be at the
upper-most elevations of merchantable tree growth and tend to be much less economical
for harvesting.

For whitebark pines retained within commercial harvests, survivorship has not been
examined in any study we are aware of. In the Kootenay Boundary region of southeast
British Columbia, there are multiple harvest openings where mature whitebark pine trees
have been retained. By applying dendrochronological and field inventory procedures,
we investigated the fate of residual trees to infer some preliminary recommendations.
Our objectives were to describe the temporal attrition of retained mature whitebark pine
trees and to identify factors that likely promote survivorship during the critical initial
post-harvest period.

2. Materials and Methods
2.1. Study Sites

Five harvest sites were sampled in southeastern British Columbia during the summer
of 2018 (Figure 1). The criteria used for site selection were a minimum post-harvest age
of 7 years, a minimum sample size of 20 trees, and accessibility (within a one-hour hike).
Practicing foresters (government and private industry) provided the locations of candidate
sites. Besides our study sample, all other sites were either too recently harvested, lacked
enough whitebark pine, or were inaccessible. Silviculture prescriptions classify these sites
as clear-cuts with reserves, thus they are considered variable retention sites and represent
the only prescriptive method deployed to date in the region’s whitebark pine stands.
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Because harvest years differed among the sites, our field sampling captured a range of
post-harvest intervals representing 6–17 years (Table 1). Based on the majority of whitebark
pine stands in the region, our study sites are representative of the most common mix of
tree species, elevation range, tree ages, and habitat.
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Figure 1. Harvest sites in southeastern British Columbia. Findlay consists of two separate but
adjoining harvests units.

Table 1. Summary of five sampled harvest sites in southeastern British Columbia.

Site Elev (m) Lat Long Harvest Unit
Size (ha) Harvest Year

Findlay East (FE) 1922 50.19303 −116.0542 19.9 2006
Findlay West

(FW) 1960 50.19359 −116.0668 4.9 2001

Lavington (LV) 1884 50.04018 −115.9787 35.1 2012
Paturages Creek

(PC) 2001 49.40264 −118.7187 30.3 2003

West Elk (WE) 1874 49.84562 −114.9571 19.5 2007–2008

Our study sites are classified as Engelmann spruce–subalpine fir (ESSF) biogeoclimatic
zones [21]. Paturages Creek is the only site to have the dry cold ESSF (dc) subzone
classification [22], whereas the remaining three sites are dry cool ESSF (dk) [23]. The
ESSF has a continental climate with relatively cold, moist, and snowy winters. This zone
is the uppermost forested zone in the central and southern interior of BC and has high
value ascribed to its abundant wildlife, timber, and recreational opportunities [24]. The
predominant tree species associated with these sites are Engelmann spruce, subalpine fir,
lodgepole pine (Pinus contorta var. latifolia Engelm.), subalpine larch (Larix lyalli Parl.), and
whitebark pine. Lavington is rapidly drained, Paturages Creek is well-drained, and the
remaining sites are classified as imperfectly drained.

2.2. Field Sampling

A census of mature whitebark pine greater than 17 cm dbh (diameter at breast height)
was conducted at each harvest site (Table 2). Trees with smaller diameters were rare,
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subdominants, and poor cone producers. The census approach was selected after site
assessments conducted in 2017 revealed considerable spatial variation of reserve trees.
For the Paturages Creek harvest unit, we restricted our survey to the upper half of the
harvest opening due to time constraints. Trees near the perimeter of the harvest units were
excluded if the tree height was greater than the distance to the nearest forest edge. The
location of every tree was recorded with a high-precision (GNSS) global positioning device.
Each tree stem was spray painted with a blue encircling band and a metal tag with a unique
identifier code was nailed to each tree.

Table 2. Mean metrics of whitebark pine trees retained in harvest units, representing all trees (living
and dead) surveyed.

Site No. Trees Height (m) Dbh (cm) Chronology Length

Findlay East (FE) 20 21.1 ± 1.1 45.0 ± 5.1 243 ± 65
Findlay West (FW) 34 15.5 ± 1.0 28.7 ± 3.2 177 ± 58

Lavington (LV) 128 19.2 ± 0.4 34.3 ± 1.2 211 ± 31
Paturages Creek (PC) 103 17.4 ± 0.4 40.4 ± 1.5 210 ± 60

West Elk (WE) 170 17.6 ± 0.4 33.8 ± 1.1 184 ± 56

Every tree was assessed based on the following parameters: height, diameter (dbh),
distance and azimuth to nearest forest edge, height to live crown, and percentage of live
crown. We recorded tree bole condition classes (damaged, poor, fair, good). We noted
whether each tree was alive or dead. For dead trees, we classified them as standing, broken,
or windthrow (fallen). The direction of fall (deg) was noted for every downed tree. The
slope (%) and aspect (deg) were measured at each tree. For every surveyed tree we tallied
the number of mature neighbour trees within a distance equal to or less than the survey
tree’s height. Each neighbour tree was noted according to status (live, snag, down). All
trees were examined for forest health agents. Blister rust was evident by the presence
of cankers, and these were noted as occurring on stems or branches and being active or
inactive [25] with the use of binoculars. Rodent gnawing damage is often an indication
of blister rust infection [26], and thus was noted. Mountain pine beetle evidence includes
pitch tubes, distinctive wood galleries, and staining.

2.3. Dendrochronology

Increment cores were collected from all live and dead reserve trees using a 4-mm
Haglof increment borer taken at approximately 1.3 m above the ground. Standing trees
were cored at a 90◦ angle perpendicular to the slope to avoid compression wood. Like-
wise, horizontal trees were cored at a perpendicular angle to the fall line from the past
standing condition. To minimise the effects of potential coring on the remaining live WBP
reserve trees, we only sampled one core per tree. Standing dead and horizontal dead trees
included a minimum of two cores per tree; however, some trees required a third core if the
previous two cores showed rot or were severely damaged near the bark end. All cores were
air-dried and mounted on slotted boards. Cores were sanded with sequentially higher grit
to obtain an annual ring resolution [27]. Those samples with exceptionally condensed rings
were measured with a Velmex uniSlide digitally encoded traversing table at a precision of
0.01 mm. The remaining cores were digitally scanned at a 2400 dpi resolution with an HP
flatbed scanner. Digital images were imported into CooRecorder measuring software and
exported as ring width files with CDendro software package [28]. To ensure that the appro-
priate calendar date was assigned to each measured ring we used the program COFECHA
to aid in accurately cross-dating all increment cores [29]. Dead trees were examined with
a microscope to determine if any additional growth followed the last complete growth
ring. We added a year to the final death date if earlywood cell development was observed
beyond the last complete growth ring.
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2.4. Characteristics of Retained Trees

To identify potential factors affecting survivorship, we evaluated a set of models using
Akaike’s “An Information Criterion” (AIC) [30]. Four sets of biophysical measurements
were examined as potential factors to predict the survival of retained whitebark pine trees
(Table 3). To reduce the number of variables included in the analysis, correlated variables
within each set were screened using AIC model selection. The best subset of variables in
each set (underlined in Table 3) was used in the final analysis.

Table 3. Four groups of biophysical variables examined and used in models (underlined) to predict
the survival of retained whitebark pine trees.

Group Variable

Slope and Aspect Nfacing—cos(aspect) x slope—the north-facing component of slope
Efacing—cos(90◦-aspect) x slope—the north-facing component of slope

Forest Distance
ForDist—distance to nearest forest edge, truncated at 200 m
Sqrt(ForDist)
WindFetch—distance to nearest forest edge in direction 180◦ from the
mean windfall direction in each site

Tree Characteristics

Ht—Height (m)
CrownLength—Crown length (m)
CrownRatio—Crown length/height
DBH—Diameter at breast-height (cm)
HtToDBH—Height:DBH ratio
nCankers—Number of blister rust cankers, active and inactive
combined
Rodent—Presence/absence of rodent damage (0/1)

Surrounding Trees SurroundingLiveDown—Number of surrounding live or down trees
SurroundingTotal—Number of surrounding live, standing dead or
down trees

The final analysis used AIC model selection with 16 models, representing all combina-
tions of including or excluding the selected variables in each of the four sets. All models
were general linear mixed-effects models using a binomial distribution (logit link) for the
0/1 response variable (live versus dead). All models include a random effect of site, called
an “intercept” [31] because it is an additive constant for each site on the logit scale. The
model that excluded all four sets of explanatory variables was the null model, with only
the random effect of site. The model that included all four sets was the global model,
containing all the selected variables (underlined in Table 3). The other 14 models included
the different possible combinations of 1–3 sets of explanatory variables.

The analyses were conducted separately for windthrown versus live trees, and for all
dead trees (windthrown and standing dead) versus live trees. Models were fit using the
lme4 package in R [32] (details in Supplementary Material).

Mountain pine beetles are known mortality agents for whitebark pine. Thus, dead
trees observed in the field with signs of mountain pine attack were removed (n = 30).
Because our West Elk (WE) study site experienced an outbreak during 2007–2008, we
removed only the trees that died during this time with blue-stain fungus at the phloem
position of the increment cores (n = 17).

3. Results

A total of 197 dead trees and 134 live trees were analyzed. Based on dendrochronolog-
ical examination, mortality rates were highest immediately following harvests (Figure 2).
Lavington (LV) experienced a drastic loss of trees during the summer of the harvest. In a
single day (20 July 2012), harvest operators reported that most retained trees were blown
over during a powerful storm. A negative exponential trend characterized three harvest
sites, where initial steep declines became increasingly moderated over time. Findlay West
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(FW) experienced a very high rate of retention. By 6–8 years post-harvest, differences in the
proportions of surviving trees between sites became more pronounced, varying from 17%
at Lavington (LV) to 80% at Findlay West (FW). For the three intermediate sites, mortality
ceased at 8–9 years, extending for the remainder of the study period. Of the dead trees
surveyed in 2018, the overall number of fallen trees (84%) greatly exceeded the frequency
of snags (16%) and was similar for all sites except Findlay West (FW), where amounts were
equal. Across all sites, we found that 32 trees died pre-harvest and sample cores from
an additional 45 trees were too rotten to assess; thus, these 77 trees were not included in
the analysis.
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Figure 2. Post-harvest attrition of retained whitebark pine according to harvest site (FE: Findlay East;
FW: Findlay West; LV: Lavington; PC: Paturages; WE: West Elk).

We found the vast majority of downed trees to be oriented in a northeasterly direction
from root collar to crown (Figure 3). The mean direction of tree fall closely matched the
mean slope azimuth at a single site (Paturages). Overall, the predominant northeasterly
windthrow azimuths indicated that the strongest winds experienced at the sites arrived
from southwesterly directions.

The probability of mortality of retained whitebark pine trees is best explained by a
combination of tree characteristics, slope/aspect, and the number of surrounding retained
trees (Table 4). We found a strong increase in survivorship, with greater tree crown length
accompanied by decreasing tree height. Thus, the probability of post-harvest mortality was
higher for taller trees with shorter crowns and lower for shorter trees with long crowns
(Figure 4).
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Figure 3. Circular histograms of windthrown trees at five harvest sites. Black bars: frequency of trees oriented at the
respective azimuth. Red bars: mean azimuth of windthrow orientation. Green bars: mean azimuth of slope aspects as
measured at the base of each stem. All FW tree bars match mean windthrow azimuth. (FE: Findlay East; FW: Findlay West;
LV: Lavington; PC: Paturages; WE: West Elk).

Table 4. Logit-scale coefficients for the best model for all dead trees (windthrow and snags) and
windthrow only.

All Dead Trees Windthrow

Estimate SE p Estimate SE p

Intercept −0.918 1.154 0.427 −0.792 1.353 0.558
Nfacing - - - 2.399 1.173 0.041
Efacing - - - −1.907 1.268 0.132

Sqrt(Surrounding Live Down) −0.447 0.179 0.012 −0.524 0.188 0.005
nCankers 0.141 0.088 0.109 0.249 0.096 0.010

Rodent −1.760 0.397 <0.001 −2.312 0.468 <0.001
Ht 0.281 0.071 <0.001 0.2460 0.079 0.002

CrownLength −0.342 0.069 <0.001 −0.3351 0.074 <0.001

The presence of more surrounding retained trees (within a single tree-height radius)
also increased the probability of survival (Table 4). Using the average of the other tree
and site variables, a survivorship probability greater than 50% required a minimum of 7.5
retained neighbor trees (Figure 5). Distance to forest edge was not included in the best
model of survivorship.
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crown length and height. Each point is a measured stem: squares = dead, triangles = live. All other
variables are held at their mean values.
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The number of cankers and the presence of rodent wounds affected tree survivorship
(Table 4). Interestingly, there were opposite effects depending on the lesion type. As the
number of cankers increased, the probability of post-harvest survivorship decreased. Al-
though rodent wounds were not tallied, any rodent damage indicated higher survivorship.
The canker association was included in the best model for windthrown trees but not when
snags were included. The average pre-harvest canker-free tree would have a 50–60% chance
of survival (Figure 6). With one or more cankers, there would be less than a 50% chance
of survival.
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4. Discussion
4.1. Attrition Rates and Wind

For all harvest sites in this study, elevated mortality rates occurred during the initial
post-harvest period. The majority of survivorship chronologies in North America are
generated from the boreal region of Canada, where similar trends have been described.
For forests dominated by white spruce and quaking aspen (Populus tremuloides Michx.),
initial annual mortality rates of retained trees can range from 4% to 6% during the first
five years post-harvest [18,33,34]. Whitebark pine at our sites ranged from 3% to 16% of
annual mortality rates during the first five years. Mortalities are at least a partial reflection
of “harvest shock”, where the removal of surrounding trees exposes the retained tree to a
dramatically heavier wind load. Retained trees can respond through acclimative growth.
This is an adaptive process, altering morphology and strengthening roots, stems and
branches [35]. Due to a paucity of research, it is unclear how whitebark pine compares with
the capabilities of other tree species. Alternate species were not retained in our study sites,
except at Lavington with very low numbers. Although stronger stem reaction wood is a
response observed across many species [36], this biomechanical improvement may require
a longer time period for high-elevation trees due to their slower radial growth rates [20].

The overall rates of attrition between sites varied noticeably. Although we have
identified important biophysical variables associated with tree survivorship (Table 4),
additional site-level influences may be important. Identifying significant site variables
requires a much greater number of sites to be analyzed—greater than the number of
whitebark pine harvest sites currently available in southern British Columbia.

The results suggest that most trees fell during windy conditions. Storm systems that
track eastward from the Pacific towards the southern interior of British Columbia are
commonly associated with strong winds from the southwest or west. These storms are
classified as mid-latitude cyclones and can be consistent generators of strong southwesterly
or westerly winds in the winter, especially when they tap into a feed of subtropical moisture
commonly referred to as an “atmospheric river”. During summer, strong wind events are
also common, and are typically associated with downdrafts from passing convective cells
or thunderstorms. Winds during these storms can be multi-directional, as downbursts



Forests 2021, 12, 654 10 of 14

exiting the bottom of a storm generally spread in an outward direction from the base of the
convective feature.

The predominant directions of downed stems were between 0◦–90◦ (74% of windthrown
trees). Although slope and aspect likely played a small role in direction of falls (Table 4),
only 29% of downed stems were rooted on aspects of 0◦–90◦ (Figure 3). We suggest that
winter storms and approaching fronts of coastal low-pressure systems are the most sig-
nificant drivers of blowdown for whitebark pine stands in the southern interior region.
For at least one harvest site, a majority of trees were blown over while alive (Figure 2). As
harvest operations were being completed at Lavington (LV), a strong coastal low-pressure
system arrived. Gale-force gusts (61 km/h) were18weather station, indicating the second-
highest recorded windspeed between 1992 and 2019. Our findings are consistent with other
observations in the interior, where windthrow direction was predominantly affected by
southwesterly winds [17,37]. Lanquaye-Opoku and Mitchell [38] described how interior
British Columbia windthrow patterns tend to reflect large-scale synoptic events more than
any smoothing effect of local topography.

4.2. Number of Disease Cankers

The likelihood of post-harvest mortality is positively associated with the number of
blister rust cankers. The relationship is weaker when snags are combined with windthrow
(Table 4, Figure 6). Because snags tended to suffer greater surface weathering than
windthrown trees, it is possible that some evidence of cankers had deteriorated. Branches
and tops were sometimes absent, further reducing the potential evidence of cankers.

Fungal hyphae associated with cankers are known to spread through vascular tissue,
extracting nutrients from host cells and decreasing tree fitness [39]. Physically disruptive
cankers erupting through bark further hinder nutrient flow, while exposing the cambium
to desiccation and colonisation by other pathogens and insects [40]. Although cankered
mature trees can survive for decades, if Cronartium ribicola remains in the host, chronic stress
may interfere with physiological mechanisms that contribute to windfirmness. Cronartium
ribicola is not known to infect root systems; however, the investigation of potential links
between above-ground infection and root dynamics may prove relevant.

4.3. Rodent Damage

We expected both rodent damage, primarily red squirrel (Tamiasciurus hudsonicus
Erxleben) wounding, and cankers to exhibit similar positive associations with mortality.
Contrary to expectations, we found higher survival in trees damaged by rodents (Table 4).
Wounding was characterized by small patches of missing bark and underlying cambial
removal on stems and branches. For live trees, we found that unless rodent wounds
encircled branches or stems, there was little if any dieback in tree structure. The majority
of rodent damage was in crowns where the risk of decay is much lower than in lower stem
wounds [41]. Cambium-feeding mammals in western North America select the fastest
growing trees within younger stands [42,43]. Interestingly, following damage on lower
boles, trees survived and displayed accelerated radial growth [42]. Rodent damage may
therefore indicate healthier trees that can adapt more quickly to post-harvest exposure.

4.4. Tree Heights and Crown Lengths

The probability of survival was lower for trees with shorter crown lengths and greater
heights (Figure 4). As trees gain height, they are more prone to the lateral force of winds.
Stathers and others [20] estimated that a 30-m-tall tree experiences as much as three times
the wind torque of a 10-m-tall tree. Although retained trees in our study were not this
tall, we estimate that a 25-m-tall whitebark pine is eight times more likely to die than a
10-m-tall tree. Trees over 17.5 m had less than a 50% chance of surviving. Shorter crown
lengths were also associated with lowered survivorship probability. Our findings may
seem inconsistent with the perception that lesser crown area would reduce area exposed to
wind, thus promoting resiliency. Reduced crown size may indicate root disease; however,
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no signs of disease were found in our field inspections of upturned roots. Trees with
narrower crowns have been shown to have less extensive root systems, thus increasing risk
to wind [44], and we suspect that the same is happening with shorter crowns. Trees that
grew in denser stands with resultingly shorter crowns may be less adapted to resisting
windthrow when they are exposed at harvest.

Stem measurements of diameter and the height-to-diameter ratio were not found to
be as useful predictors of survival as height and crown length. Although findings from
boreal species indicate that diameter and height-to-diameter are often important [18,45,46],
Huggard and others [17] found only height-to-diameter to be a significant factor.

4.5. Surrounding Trees

Based on the relationship between survivorship and the number of surrounding trees
(Figure 5), harvest prescriptions that retain a minimum of eight neighbor trees can expect a
better than 50% chance of survival (for a tree representing the average measurements in
our study). Our results are consistent with the vast majority of retention studies, indicating
that higher retention levels favor positive survivorship rates (e.g., [33,47–49]). Hallinger
and others [19] found an exception with Norway spruce (Picea abies L.), in which dense
retention may have created intense competition and mortality; however, Scots pine (Pinus
sylvestris L.) survivorship was significantly higher. Increased retention benefits trees that
are more prone to windthrow, such as tall trees with short crowns. Our survivorship
findings are limited to the post-harvest time intervals that our data represent (17 years
maximum). However, the cessation of mortality at 8–9 years post-harvest indicates that
this curve remains essentially unchanged.

4.6. Other Potential Factors

In our study, pre-harvest stand canopy height and high stem density likely affected
survivorship. Prior to harvest, all our study sites were closed canopy stands supporting
whitebark pine at above-average heights for the species in the region. Trees with shorter
crowns contributed to a top-heavy morphology, and were thus susceptible to wind top-
pling [20]. The soil structure differed between sites, based on pre-harvest planning surveys.
In general, poor soil drainage and lower depth increase the likelihood of blowdown [35].
Perhaps incongruently with our expectations based on soil drainage, we found the highest
probability of death at Lavington and lowest probability at Findlay West. However, soil
rooting depth at Lavington averaged 42 cm, which is somewhat shallow, therefore con-
tributing to windthrow potential. Additional factors determining tree survivorship that we
did not assess include rooting structure, soil depth and moisture.

5. Conclusions

Harvest planners should carefully consider the potential outcomes associated with
retention harvesting in whitebark pine forests. Practitioners can expect an initial period of
high mortality for the first five years post-harvest, followed by lower mortality rates after
8–9 years. Based on our findings, we recommend putting an emphasis on the retention
of mature trees with longer crown lengths and lower frequencies of disease cankers. Less
retention effort needs to be directed towards trees above average height, as these have a
substantially greater probability of windthrow. Retaining a minimum of eight neighboring
whitebark pine trees (within the target tree’s height radius) will increase the probability
of survivorship. Beyond our findings, we acknowledge that retaining cone-producing
whitebark pine trees will benefit wildlife and ensure bird-dispersal of seeds, which is the
primary vehicle for regeneration.

Because our spatial windfall patterns, as determined by wind direction, are consistent
with the established literature from the interior, published recommendations should be con-
sidered for whitebark pine. The British Columbia Interior exhibits recurrent storm patterns
that tend to topple trees on the southwestern edges of forest patches [37,38]. Accounting
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for the predominant direction of windfall in our study, it is recommended that harvest
planners lay out ovate patches of retention oriented on a southwest-to-northeast azimuth.

Carefully executed operations may improve conditions for whitebark pine trees. As a
poor competitor with late-seral species, most commonly Engelmann spruce and subalpine
fir, the removal of competing neighbors will likely benefit whitebark pines in closed-canopy
stands. We found increased radial growth rates beginning 1–3 years after harvest, reflecting
the findings of other studies [50,51]. Furthermore, harvesting of lodgepole pine may reduce
mountain pine beetle attacks [52].

Our findings revealed a substantial variation between sites and should be considered
as preliminary results. With any continuance of high-elevation harvesting, the examination
of additional harvest locations will improve our understanding of both site and finer-scale
biophysical factors. Findings from this study—in concert with empirical experience gained
by local harvest practitioners—can improve the likelihood of greater conservation of this
important species.
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