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Abstract: Whitebark pine populations are declining nearly range-wide, primarily from the exotic
fungal pathogen that causes white pine blister rust (WPBR). Climate change is expected to exacerbate
these declines by decreasing climatically suitable areas. Planting WPBR-resistant seedlings is a key
restoration action, but it is costly, time consuming, and labor intensive. Direct seeding—sowing seeds
rather than planting seedlings—may reduce costs and open remote areas to restoration; however,
its efficacy remains largely unexplored. In this case study, we estimated the annual survival rates
(ASR) of seedlings grown from directly sown seeds, and the effect of elevation zone and microsite
type on survival. For five years we monitored 184 caches containing one or more seedlings within
one study area in the Greater Yellowstone Ecosystem. Seed caches were originally stratified between
subalpine forest and treeline and among three microsite types defined by a nurse object: Rocks, trees,
and no object. To estimate ASR, we selected the most parsimonious model of a set using AICc. ASR
was best described by elevation zone and year and ranged from 0.571 to 0.992. The odds of seedling
survival were 2.62 times higher at treeline than in subalpine forest and were 4.6 to 36.2 times higher
in 20162018 than 2014. We estimated the probability that a whitebark pine seed cache would contain
one or more living seedlings six years after sowing to be 0.175 and 0.0584 for treeline and subalpine
caches, respectively. We estimated that 1410 and 4229 caches ha~! would need to be sown at treeline
and in subalpine forest, respectively, to attain target restoration densities of 247 established trees
ha~!. Our findings, although based on one study area, suggest that climate change may be increasing
treeline regeneration, and that direct seeding may be a viable restoration option and climate change
mitigation tool for whitebark pine.

Keywords: whitebark pine; Pinus albicaulis; regeneration; restoration; direct seeding; seedling
survival; treeline; climate change

1. Introduction

In recent decades, many forest species have experienced substantial population declines caused
by exotic and native pests and pathogens, and climate change mediated alterations to demographic
rates and disturbance regimes [1-8]. These declines reduce biodiversity, disrupt ecosystem function,
and threaten ecosystem services [9,10]. Whitebark pine (Pinus albicaulis Engelm), an upper subalpine
and treeline conifer distributed throughout western North America, is declining nearly range-wide
because of the combined impacts of the exotic fungal pathogen Cronartium ribicola J.C. Fisher, which
causes the often fatal disease white pine blister rust (WPBR), outbreaks of the native mountain pine
beetle (MPB; Dendroctonus ponderosae Hopkins), successional replacement from fire suppression, and
the effects of changing fire regimes [11-16]. In the aggregate, these threats have resulted in tree
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mortality that varies geographically but exceeds 90% in some locations [13,15,17,18]. Further, climate
change is predicted to reduce climatically suitable areas for whitebark pine, shifting its distributional
center up in elevation and northwards [19-23]. Seed availability, successful seed dispersal by Clark’s
nutcracker (Nucifraga columbiana Wilson)—the primary seed disperser for whitebark pine—and
increased regeneration in areas expected to become distributional centers will be necessary for
whitebark pine to track suitable climates and claim newly available habitat [20,24-27].

Tree mortality and canopy kill from WPBR leads to declining seed availability, which is
compounded by predispersal seed predation, especially of small cone crops [15,25,28-30]. As a
keystone and foundation species that facilitates plant establishment and growth, fosters community
development, prevents erosion, protracts snow melt, and provides food and habitat for a variety of
species [16,31,32], whitebark pine’s decline has widespread consequences for entire ecosystems [25,33].
Conservation and restoration strategies are being developed across whitebark pine’s range to slow
population declines and prevent widespread impacts to ecosystem function [11,33]. Restoration
actions focus on speeding up natural selection for WPBR resistance and supplementing populations
until natural regeneration can maintain viable population sizes and resistance [34-36]. These goals
are accomplished by planting putative pathogen-resistant stock, the principal restoration action for
whitebark pine and other forests impacted by exotic pests and pathogens [34-37]. Increasing the
prevalence of WPBR-resistant individuals on the landscape begins by identifying likely WPBR-resistant
(i.e., relatively healthy) individuals in areas with high incidence of WPBR. Seeds are germinated
in a nursery; seedlings are exposed to WPBR spores and are monitored for infection symptoms.
Seedlings that show resistance are tracked back to specific parent trees, and their seeds are used to
grow seedlings for restoration planting, seed orchard development, genetic conservation, and clone
bank contributions [37,38]. Seedlings for restoration planting are grown for two to three years in a
nursery before they are outplanted [35,39-41].

Although planting seedlings is a key restoration action, the process is time and work intensive,
costly, and logistically challenging. Time from seed collection to outplanting is a minimum of three
years. Seeds are collected during the fall and treated to break dormancy; germination occurs the
following spring/summer; and, seedlings are grown in the nursery for two to three years before
planting occurs. This process, and the planting itself, costs roughly between $1980 to $2400 (USD)
per ha [42], a challenge for already underfunded land-management agencies. Further, planting is
restricted to accessible locations where land management agency guidelines allow for restoration
activities. In wilderness areas, which comprise 48% of whitebark pine habitat in the U.S., access is often
difficult due to remoteness, and prohibited use of mechanical equipment and motorized transport.
Planting seedlings in remote areas requires packing seedlings in by horses or mules, or with helicopter
support, which is not possible in designated wilderness areas. Even without accessibility hurdles,
wilderness regulations in many locations do not allow planting, although some regions of the US
Forest Service are developing planting guidelines [35,43,44].

Because of the limitations to restoration planting, direct seeding (sowing seeds) has been explored
in some systems to reduce costs, increase efficiency, and expand restoration into remote areas, because
it reduces the equipment necessary for planting and avoids some of the arguments against seedling
planting in wilderness areas. Germination probabilities from whitebark pine direct seeding experiments
have ranged from 0.13 to 0.85 over one to three years (a result of delayed germination) [45-48],
encouraging the potential use of this restoration option in some areas. However, there has been
little follow-up on the survival of seedlings produced from sown seeds and especially the microsite
conditions that favor survival. Previous studies have investigated survival of seedlings produced by
direct seeding efforts for a maximum of three years, but seedling mortality is expected to remain high
for up to five years after germination [49-51]. Consequently, the potential long-term success of direct
seeding remains unknown, and additional monitoring is necessary to evaluate whether direct seeding
is a viable restoration option for whitebark pine.
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In early 2012, Pansing et al. [45] established a direct seeding study at two locations in the Northern
Rocky Mountains to assess spatial distribution changes of cached seeds and young whitebark pine
regeneration caused by rodent seed pilferage, microsite type and elevation zone. Caches of sown
whitebark pine seeds were monitored for seed pilferage, germination, and first-year seedling survival.
Continued monitoring presented an opportunity to assess rigorously the survival of seedlings produced
from sown seeds and to evaluate the efficacy of direct seeding. Here, we present the results of five
years of monitoring seedlings grown from seeds sown by Pansing et al. [45]; these data enabled us
to estimate annual whitebark pine seedling survival, determine whether site-specific characteristics
influenced annual survivorship, and provide guidelines for whitebark pine restoration efforts through
direct seeding.

2. Materials and Methods

2.1. Study Area

In early August 2012, Pansing et al. [45] sowed seeds at two locations in the Northern Rocky
Mountains. From 2013 to 2018, we monitored seedlings produced from that seeding effort at one of the
locations—Tibbs Butte, Shoshone National Forest, Wyoming, USA (44°56"28.33"" N, 109°26"39.69” W;
Figure 1). Tibbs Butte is a rocky prominence located approximately 4 km southeast of Beartooth
Pass summit, east of the Continental Divide, and within the Greater Yellowstone Ecosystem (GYE).
Elevations within the study area range from 2980 to 3240 m and encompass both upper subalpine and
treeline forest. A detailed description of the study area including the plant community composition is
presented in [32,45,52].
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Figure 1. Geographic location of the study area, Tibbs Butte, Shoshone National Forest, Wyoming.
The shaded polygons represent the Greater Yellowstone Ecosystem [53,54]. Map courtesy of Google.
Figure created using the ggmap [55] and ggplot2 [56] packages in R [57].
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During the study, air temperatures at the Beartooth Lake SNOTEL station [58], which is
approximately 11 km west of Tibbs Butte at an elevation of 2850 m, ranged from -36.3 to 26.5 °C.
The growing season, defined as the time period between five consecutive days of mean daily air
temperature above 5 °C and five consecutive days of mean daily air temperature below 5 °C [59]
extended from approximately 30 May to 15 October each year. Median daily average growing season
temperature during the study was 9.4 °C, whereas median daily average temperature during the
non-growing season was —4.5 °C (Figure 2). Cumulative water year precipitation ranged from 68.1 cm
during the 2015 water year to 124 cm during the 2018 water year and averaged 96.1 cm per water year
(Figure 3).
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Figure 2. Median annual daily minimum, average, and maximum temperatures throughout the study
period. Panels show temperatures aggregated annually, over each year’s growing season, and over
each year’s non-growing season. We defined the growing season as the time period between five
consecutive days of mean daily air temperature above 5 °C and five consecutive days of mean daily air
temperature below 5 °C.

2.2. Direct Sowing and Cache Surveys

Seeds were collected in September 2011 from Line Creek Research Natural Area, Custer Gallatin
National Forest, Montana, approximately 11 km north-northeast of Tibbs Butte. Proximity to Tibbs
Butte preserved local genetic adaptation [60]. We did not assess the trees from which cones were
collected for WPBR-resistance or WPBR symptoms. Seed processing and storage details are presented
in [45].
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Figure 3. Cumulative precipitation during each water year (1 October through 31 September) of the
study. Data shown are the values recorded at the Beartooth Lake SNOTEL site [58], which is located
approximately 11 km from Tibbs Butte. Water year data adequately capture the period between study
surveys, which occurred each year during early August. Grey lines in each panel show other water
years and are intended to allow for comparison among water years.

In late July through early August 2012, Pansing et al. [45] created whitebark pine seed caches on
Tibbs Butte, stratified by elevation zone and nurse object (rock, tree, or no object (exposed)). Caches
were buried ~10 cm from the closest systematically assigned object type to a random point location
selected using the random sampling tool in ArcGIS [61]. Seeds were sowed approximately 2.5 cm
below the soil surface, the average depth of nutcracker caches [27]. The number of seeds per cache
was drawn randomly from a constrained Poisson distribution whose parameter was estimated from
cache size data (A = 3, range = 1-7) [25,27]. Each cache site was georeferenced using a Trimble GeoXT
(GeoExplorer 2008 series). Exact cache locations were triangulated using two nail spikes located ~21 cm
from the cache, with the cache located in the vertex of a 90° angle between nail spikes. Nail spikes
aided in locating caches and seedlings in subsequent years.

Each August from 2013 through 2018, we assessed cache status. In 2013, we excavated every
cache without disturbing newly germinated seedlings to determine whether intact seeds remained.
Nail spikes were left in place if we found intact seeds and/or seedlings. Nail spikes were left in place
when intact seeds were found, because whitebark pine seeds often delay germination; age differences
of up to eight years between seedlings within the same cache have been documented [62]. In all other
years, we only recorded the presence of one or more seedlings and the number of seedlings in each
cache. We removed nail spikes if no living seedlings were found; these caches were not visited in
subsequent years. Here we focus on 184 caches from which one or more seedlings germinated in either
2013 or 2014. Germination rates are presented in Pansing et al. [45].
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2.3. Data Analysis

We treated the cache as the sampling unit for analyses because multiple seedlings may germinate
from the same cache, and these will often fuse to form one multi-stemmed individual tree [63,64].
Further, whitebark pine restoration success will be determined by the number of seed caches that
successfully produce one or more seedlings. We therefore considered one or more living seedlings
present in a cache a success. We estimated the annual survival rate (ASR) of caches comprising one
or more seedlings and the effects of any covariates on ASR using known fate models and conducted
analyses in program MARK using the RMark interface in R (version 3.5.1) [57,65-68]. For this class
of models, the cache history is the response variable and parameters of a multinomial process are
estimated numerically. Known fate models assume individual fates are independent (or modeled
appropriately) and censoring (i.e., individuals whose fates are not known) is random. Known fate
models produce parameter estimates that are equivalent to logistic regression. We used a multiple
hypothesis testing framework to select which among our a priori hypotheses about whitebark pine
seedling survival was most parsimonious [69,70]. We determined the relative support for each of our
hypotheses using AICc, whereby the model with the lowest AICc value was considered the hypothesis
with the most support given our model set and data [70]. We considered the models shown in Table 1,
which explored the effect of cache site characteristics, including elevation zone, nurse object, and year
on ASR of whitebark pine seedlings by cache. We do not consider the global model or all possible
combinations of variables, because these methods often lead to overfitting and spurious results [70-72].
We checked for multicollinearity of explanatory variables and found no strong relationships.

Table 1. Set of known fate models defined a priori describing annual survival rate (ASR) of whitebark
pine seedlings. Models were fit in program MARK using the RMark [65] interface in R [57]. ASR ~ 1
indicates constant ASR.

Model

ASR ~1

ASR ~ elevation zone + year

ASR ~ elevation zone X nurse object

ASR ~ nurse object + elevation zone + year

We included year in every model, because seedling survival varies over time for many conifer
species (e.g., [49,73]) and to account for other annually varying covariates that we did not measure
(e.g., weather, browsing). Year was included as a cofactor because we do not anticipate its impact
to trend consistently over time. For example, precipitation varies annually but does not increase or
decrease as a function of time. Elevation zone was also included in every model, because elevation can
influence recruitment, and elevation effects were detected previously for this sample of seedlings [45].
The odds of seedlings surviving the first winter were 3.49 times higher at treeline relative to subalpine
forest [45]. We included nurse object because seedling survival can be influenced by the presence
and type of nurse object, and seedlings are often planted near nurse objects to improve restoration
outcomes [45,74,75]. These observed patterns may persist through tree maturity, given that mature
whitebark pine are not uniformly distributed among microsite types [52,76,77]. We did not include age
as a covariate, despite expectations that seedling survival increases with age, because seeds within the
same cache may have germinated in different years [45,62,78]. This confounded our ability to detect
age effects. Because we treat cache as the sampling unit, age represented only the time since the first
seed germinated. If mortality and additional germination occurred over time, the age of the cache
would not represent the age of the seedlings within the cache.
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3. Results

By 2013, 139 of the original 372 caches created by Pansing et al. [45] contained one or more living
seedlings. By 2014, one or more seeds germinated in an additional 45 of the caches as a result of delayed
germination. Because our focus was on estimating survival of caches comprising living seedlings,
our total sample size constituted 184 caches from which one or more seedlings germinated in either
2013 or 2014. By 2018, 37.0% (n = 68) of the original 184 caches contained one or more living seedlings
(Table 2). Over the course of the study, 22 caches could not be relocated during a survey; these caches
were included in analyses only during periods for which their fates were known.

Table 2. Number of caches with one or more seedlings by year and elevation zone. Note that counts for
2014 represent both additional germination and mortality since 2013. One or more seedlings emerged
from 45 caches in 2014 that had zero seedlings in 2013-21 at treeline and 24 in the subalpine forest.

No. Caches with 1+ Seedlings
2013 2014 2015 2016 2017 2018

Treeline 66 75 47 47 45 42
Subalpine 73 63 34 32 28 26
TOTAL 139 138 81 79 73 68

The additive effect of elevation zone and year was the most parsimonious model (Table 3) and
was followed by the additive effects of elevation zone, year, and object (AAICc = 1.26; Table 3). The top
model indicated that elevation zone influenced ASR; odds of annual survival at treeline were 2.62 (95%
CI: 1.60, 4.26) times higher than within subalpine forest. Further, ASR increased relative to 2014 in all
years except 2015 (Table 4, Figure 4). Relative to 2014, the odds of survival were 36.2 (95% CI: 4.85,
269) times higher in 2016, 4.78 (95% CI: 2.02, 11.3) times higher in 2017, and 5.09 (95% CI: 2.03, 12.7)
times higher in 2018. Annual survival rates estimated by the top model ranged from 0.571 (95% CI:
0.470, 0.667) in the subalpine forest in 2014 to 0.992 (95% CI: 0.945, 0.999) at treeline in 2016 (Figure 4).
We estimated the probability of one or more recently germinated seedlings in a cache surviving from
2013 to 2018 in each elevation zone by multiplying the ASRs, resulting in five-year survival probabilities
of 0.273 and 0.571 in the subalpine forest and at treeline, respectively, for this group of seedlings.

Table 3. Diagnostic statistics for all fitted models describing the probability of one or more seedlings
per cache surviving each year (ASR) as functions of covariates including elevation zone, year, and
nurse object. ASR ~ 1 indicates constant ASR.

Model Parameters  AICc AAICc Model Weight Evidence Ratio
~year + elevation zone 6 428.88 — 0.658 —
~year + elevation zone + object 8 430.19 1.31 0.342 1.93
~object X elevation zone 6 474.14 45.26 9.77 x 10711 6.73 x 10°
~1 1 49116  62.28 1.97 x 10714 3.35x 10"

The model with the second lowest AAICc, which described ASR as an additive relationship
between year, elevation zone, and nurse object indicated that, on average, caches near trees had higher
ASR than those near rocks, and that ASR was lowest for caches near no nurse object (Table 4, Figure S1).
However, the confidence intervals of all object parameters overlapped zero (Table 4).
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Table 4. Parameter estimates and 95% confidence intervals (CIs) for the top two models describing
annual survival rate (ASR).

Model Parameter Estimate 95% CI

Intercept 0.287 -0.122, 0.696

Treeline 0.962 0.474,1.45*
Elevation zone + year 2015 0.326 —0.208, 0.860
2016 3.59 1.579, 5.60 *

2017 1.57 0.702,2.43 *

2018 1.63 0.709, 2.54 *
Intercept 0.0560 —0.444, 0.552
Rock 0.352 —0.199, 0.904

Tree 0.480 -0.142,1.10

Elevation zone + year + nurse object Treeline 0.965 0.475,1.45%
2014/2015 0.317 -0.220, 0.854

2015/2016 3.57 1.56,5.58 *

2016/2017 1.54 0.672,2.40 *

2017/2018 1.61 0.689,2.53 *

Estimates are shown on the logit scale. Model intercepts represent subalpine forest in 2014 for the elevation zone +
year model and subalpine forest in 2014 with no nurse object for the elevation zone + year + nurse object model.
* Indicates 95% Cls do not overlap zero.

4. Discussion

We monitored whitebark pine seedlings that germinated from seeds sown in 2012 on Tibbs Buitte,
Shoshone National Forest, Wyoming, to estimate ASR and the effects of various site characteristics
on survival over time. An additive model incorporating year and elevation zone was the most
parsimonious. Given this model, the probability that one or more seedlings would survive in a cache
site for five years was 0.273 in subalpine forest and 0.571 at treeline.

4.1. Implications for Treeline Dynamics under Climate Change

Treeline elevations are expected to rise as the climate warms. Initial indications of rising treelines
include increased regeneration at and above treeline, where it was previously rare or dependent on
nurse objects [79-82]. Although climate change is anticipated to decrease the areal extent of whitebark
pine’s range via loss of climatically suitable areas at lower elevations, core areas of its range are
expected to shift northwards and up in elevation in the Rocky Mountains [19-21,83,84]. The mean
elevation comprising suitable habitat for whitebark pine within the GYE is expected to shift into
current treeline elevations above 3218 m by 2099 [20], constraining whitebark pine’s distribution to
high elevation locations in the Wind River Range and on the Beartooth Plateau, where Tibbs Butte
is located. Our finding that the odds of whitebark pine seedling survival were 2.62 times higher at
treeline relative to within the subalpine forest suggests that upward migration of whitebark pine
may have begun and warming may be affecting treeline dynamics near whitebark pine’s elevational
limits in the GYE. Although higher treeline survival may be the chance result of good year(s), higher
odds of seedling survival at treeline (3.49; 95% CI: 2.03, 6.00) were apparent after the first winter
and do not appear to have diminished over time [45,85-87]. Increased treeline recruitment has been
documented elsewhere within whitebark pine’s range. For example, Pansing et al. [45] reported that
odds of germination of sown seed caches were 3.88 times higher at treeline than in upper subalpine
forest at White Calf Mountain in Glacier National Park, possibly indicating that these patterns may
exist throughout the Northern Rocky Mountains, although additional studies are necessary to extend
these findings to other locations and over longer periods of time.

Temperature affects seed germination, emergence, and establishment at treeline in
particular, with warmer winter (i.e., non-growing season) temperatures associated with increased
regeneration [80,88-91]. Although we did not estimate weather effects on ASR because we lacked
weather data at the same spatial resolution as our sampling unit, temperature and precipitation
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measurements from the Beartooth Lake SNOTEL suggest avenues for further exploration [58].
Consistent with expectations that warmer winter temperatures are associated with increased treeline
recruitment, non-growing season median daily average, minimum, and maximum temperatures were
highest in 2016, corresponding to the highest ASRs during the study for both subalpine and treeline
elevations. If our findings are replicated by others, they would provide empirical support for the
alleviation of harsh climatic conditions that previously limited treeline recruitment.
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Figure 4. Annual survival probability of directly sown whitebark pine seeds on Tibbs Butte, Shoshone
National Forest, Wyoming, USA as described by elevation zone and year. Points show annual survival
estimates, and lines show 95% confidence intervals. The model selected includes the additive effects
of elevation zone (subalpine forest vs. treeline) and year. Models were fit in MARK [65] using the
RMark [65] package in R [57].

4.2. Treeline Restoration

Declining seed availability in upper subalpine forest, the seed source for treeline recruitment,
and the presence of WPBR at treeline could adversely affect treeline ecosystem function by reducing
the keystone and foundational functions provided by whitebark pine [32,74]. Similar to subalpine
restoration efforts, treeline restoration (planting or direct seeding) could compensate for seed source
loss in the upper subalpine forest, hasten the spread of WPBR-resistance, and speed up regeneration,
thereby improving the probability of continued ecosystem function [24,32,34,35]. Our findings that the
odds of seedling survival are 2.62 times higher at treeline than in upper subalpine forest suggest that
planting seedlings or direct seeding could be an effective conservation action for treeline whitebark
pine communities.

Additionally, treeline restoration could be used to mitigate the impacts of climate change.
The climatically suitable area for most tree species is expected to move faster than documented rates
of conifer movement following the last glaciation [92-94]. Assisted migration has been proposed
as a means to facilitate species movement to locations expected to become climatically suitable and
increase the probability of population persistence, especially for species where natural migration is
unlikely [95,96]. Whitebark pine’s long generation times and declining seed availability, which reduce
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both dispersal and recruitment potential, make it a candidate for assisted migration. If our findings of
high seedling survival rates at treeline are corroborated, seedling planting or direct seeding at locations
near or above the current treeline could assist whitebark pine’s migration to higher elevations [20,24,34].

4.3. Increased Moisture Stress Corresponded to Increased Seedling Survival

In addition to the aforementioned observation that non-growing season temperature is correlated
positively with treeline recruitment, we observed that survival was highest during the driest water
year, which corresponded to the time period between 1 October 2015 and 30 September 2016 (Figure 1).
This observation suggests that drier and warmer conditions may be associated with increased whitebark
pine seedling survival at the upper limits of its elevational distribution. Whitebark pine seedlings
possess ecophysiological traits including higher water use efficiency and carbon assimilation rates that
confer higher tolerance to dry conditions relative to more shade tolerant heterospecifics [97].

In apparent contradiction to these observations, survival was lowest in 2014 and 2015, the second
driest and second wettest water years during the study, respectively. This apparent discordance
between cumulative precipitation and survival could be a result of survival increasing with seedling age.
Seedling mortality risk is thought to be highest in the first few years following emergence; age trends
have been documented in whitebark pine and other high elevation conifer species (e.g., [49-51,98]).
Because our study design did not allow for the incorporation of weather or age effects, we were unable
to disentangle whether lower seedling survival during 2014 and 2015 was a result of seedling age,
weather, or their interaction. Better understanding of the variability in seedling survival attributable to
weather would help land managers define planting densities that are robust to bad weather years.

4.4. Nurse Objects

Recruitment is generally limited by seed availability, which is already declining in many areas
because of the combined effects of WPBR and MPB, and/or microsite availability [15,87]. Microsites are
often defined by nurse objects that can ameliorate harsh microclimatic conditions [99]. Both higher
seed germination and seedling survival have been associated with nurse objects in many studies across
a range of species (e.g., [45,49,74,75,100]). This information has been incorporated into restoration
strategies and studies to improve planting outcomes [35,101]. For example, the orientation of planted
limber pine (P. flexilis E. James) seedlings around cut sections of boles from downed trees improved
seedling health and survival [75]. The first-year survival of the treeline seedlings investigated in this
study was improved by the presence of a nurse object [45]; odds of survival increased by 4.53 (95% CI:
1.95,10.5) and 8.41 (95% CI: 3.20, 22.1) times near rocks and trees, respectively, relative to no object.
Further, current whitebark pine outplanting guidelines recommend planting seedlings on the north
side of nurse objects to ameliorate water stress, reduce insolation, and protect seedlings from wind and
snow [102,103].

Despite a substantial body of literature showing microsite effects on seedling survival and the
fact that the second-best model in this study included nurse object as a cofactor, the 95% confidence
intervals of all object parameters overlapped zero. Thus, it is plausible that there is no difference in
ASR among caches created near different nurse objects. However, by the time the most recent surveys
were conducted in 2018, there were only a maximum of 9 caches near any single nurse object in the
subalpine forest and a maximum of 19 caches near any single nurse object at treeline. This low sample
size may have precluded our ability to detect any differences.

4.5. Direct Seeding Could Be a Viable Restoration Technique for Whitebark Pine

Compared to seedling planting, whitebark pine restoration using direct seeding could reduce
time between seed collection and planting, decrease costs, and increase area available for restoration.
Our estimated ASRs, which ranged from 0.571 to 0.992, are consistent with other reported ASRs
from seedlings resulting from directly sown seeds and planted seedlings, which range from 0.357 to
0.993 (e.g., [44,46,98,102,103]), assuming constant survival over time. Although our results represent
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findings from a case study and additional research with sufficient replication is needed, the fact that
our estimates fall within the existing range of ASRs for whitebark pine suggest they are not unusual
and that direct seeding may be a viable restoration option for whitebark pine.

The Greater Yellowstone Coordinating Committee’s Whitebark Pine Subcommittee recommends
planting 741 whitebark pine trees per ha, which corresponds to a target density of 247 trees per ha after
establishment [102,104]. Using this target density and assuming that seedlings are “established” (more
likely to survive) six years after sowing, we estimated the number of seed caches required to restore one
hectare of whitebark pine in subalpine forest and at treeline The estimates considered the proportion
of caches pilfered by granivorous rodents, and the proportion of caches that germinated and survived,
with the caveat that seedling survival will vary from year to year (i.e., the year effects reported here
will likely not be the same with each planting effort). Pansing et al. [45] reported probabilities of 0.452
and 0.351 that all seeds in a cache were pilfered at treeline and in the subalpine forest, respectively,
and, germination probabilities of 0.680 and 0.608, respectively. Using these figures, we estimated cache
densities of 1410 (95% CI: 1134, 2266) and 4229 (95% CI: 2772, 7609) caches per ha at treeline and in
the subalpine forest, respectively, to attain target densities. These figures are likely underestimates.
They do not consider delayed germination; we used germination probabilities that only consider
germination following one winter of dormancy. Additional measures could be taken to prevent seed
pilferage, a key factor limiting direct seeding success. DeMastus [46] found germination and early
survival (1-2 years) improved an average of 11.7% when caches were caged to prevent rodent pilferage.
However, the monetary costs of implementation and eventual removal of these cages need to be
weighed against potential improvements. Ideally, direct seeding efforts would occur during years with
large cone crops to avoid heavy seed loss associated with cache pilferage. Clearly this would be an
option only in areas where cone-bearing tree mortality is low, but it could be used to assist migration
in areas expected to be strongly impacted by climate change. Recent estimates of nursery expenses for
whitebark pine seedling planting range from $2.28 to $2.35 USD per seedling, and planting costs range
from $371 to $1236 USD per ha [42,105]. Assuming similar costs for both direct seeding and planting
and a target density of 247 seedlings per ha, direct seeding would save a minimum of $563 USD per
hectare, reducing costs by 41%. However, planting costs for direct seeding have been estimated only
for research purposes, not restoration [105]. A more rigorous cost analysis is required to assess whether
seeding would be more economical than seedling planting.

5. Conclusions

We found encouraging annual seedling survival rates that suggest direct seeding may be a more
efficient restoration technique for whitebark pine than seedling planting. Direct seeding may be
especially useful at treeline, where it could facilitate migration to newly climatically suitable areas.
However, with only this single case study, we advocate that more direct seeding studies be conducted
to confirm our results. Future research needs to include assessments of the relationship between annual
weather and direct seeding success, benefits of seeding near nurse objects, optimal number of seeds to
plant in each cache, and regional variability in germination and seedling survival. Lastly, realistic cost
estimates are necessary to determine whether direct seeding is practical for whitebark pine.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/8/677/s1,
Figure S1: Annual survival probability of directly sown whitebark pine seeds on Tibbs Butte, Shoshone National
Forest, Wyoming, USA, as described by the additive effects of elevation zone, year, and nurse object.
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